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“Digo: o real não está na saída nem na chegada: ele se dispõe para a gente é no meio da 
travessia.” 
João Guimarães Rosa, Grande Sertão: Veredas. 
  
  
Resumo 
Análise exergética foi aplicada ao estado de São Paulo para obter índices relacionados com a 
qualidade da conversão de energia em diferentes setores. São Paulo foi dividido em cinco 
setores, Industrial, Residencial, Rural, Transportes e Comercial & Publico. O setor Energético 
foi dividido em Usina de Açúcar e Álcool e Refinaria de Petróleo, ambos incluídos no setor 
Industrial. A Primeira Lei da Termodinâmica, que dita o princípio da conservação de energia, 
mostra limitações quando lidada com o uso de energia, pois trata toda forma de energia na 
mesma base calorífica. Quando aplicada conjuntamente com a Segunda Lei da Termodinâmica, 
formas energéticas podem ser comparadas não apenas quantitativamente, mas também 
qualitativamente. A eficiência exergética foi calculada para cada setor, e para o estado como 
um todo, com o valor obtido, para o ano-base de 2014, de 28.3%. O setor mais eficiente foi o 
Industrial, seguido do Rural, depois o Comercial & Público, Residencial e Transportes. Para 
transpor a distância entre o conceito de exergia e sua utilidade para políticas públicas, algumas 
medidas foram testadas no modelo, usando as eficiências obtidas como guia. Quando ganhos 
em eficiência exergética não foram suficientes para suportar a tomada de decisões, comparações 
foram feitas tendo como base a emissão de gás carbono equivalente. Onde a eficiência 
exergética é baixa, há uma grande disparidade de qualidade entre fonte e uso final. Também, 
mudança do combustível utilizado, de gasolina para etanol, traz benefícios em relação a 
emissões, mas uma frota totalmente eletrificada não representaria ganhos significativos nessa 
métrica.  
Palavras-chave:  
Exergia, Eficiência, Sociedade, Estado de São Paulo, Sustentabilidade. 
 
 
 
 
  
Abstract 
Exergy analysis was applied to the state of São Paulo to obtain indexes related to the quality of 
the energy conversion processes in different sectors. São Paulo was divided into five sectors, 
Industrial, Residential, Rural, Transportation and the Commercial & Public. The Energetic 
sector was split into Sugar & Alcohol plant and Oil Refinery plant and merged with the 
Industrial sector due to specificities of the state. The First Law of Thermodynamics, and its 
energy conservation principle, presents some limitations when dealing with energy use, for it 
treats every form of energy on the same heating-capacity principle. When applied together with 
the second law of thermodynamics, energy forms can be compared not only on a quantity basis, 
but qualitatively as well. Exergy efficiency was calculated for each sector, and overall end-use 
exergy efficiency for the base year 2014 was found to be 28.3%. To bridge the gap between 
exergy and public policy, some measures were tested on the model, using the calculated 
efficiencies as a guide. When exergy efficiency gains were not sufficient to support decision-
making, comparisons were made on carbon dioxide equivalent emissions. It was found that the 
Industrial sector is the most exergy efficient sector, followed by the Rural, Commercial & 
Public, Residential and Transportation sector. Where efficiency is low, there is a great mismatch 
between high quality energy sources and low-quality energy use. As well fuel shift from 
gasoline to ethanol can provide benefits regarding emissions, but full electrification of the fleet 
would not be a totally clean technology.  
Keywords:  
Exergy, Efficiency, Society, São Paulo State, Sustainability.  
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1 INTRODUCTION 
 
The characteristics of energy use have been shifting as societies develop, with a rapid 
increase in available motive power in the last few centuries. Energy use on such a scale is now 
thought to be causing changes on environmental equilibrium conditions, with unknown 
consequences. This came about as the use of energy-dense fuels, those that carry great capacity 
to perform work relative to its weight or volume, expanded exponentially since the 18th century, 
in what became known as the Industrial Revolution. Although it is not the intention to study the 
reasons behind such increase in the technical capability of civilization on the period, suffice to 
say that prime movers of ever-expanding capacity are one of its causes. The challenge, then, is 
how to keep reaping the benefits of this improved technical capability, the great quantity of 
available energy mankind possesses, without bringing with its utilization dangerous alterations 
on environmental conditions and thus the support of life and civilization itself. A possible tool 
for analyzing energy use on a society’s scale is by combining both the fundamental Laws of 
Thermodynamics and to apply the concept of Exergy. 
Energy cannot be created nor destroyed, the First Law of Thermodynamics being one of 
the most important and known physical laws. What the First Law does not consider is that not 
every form of energy, even though when carrying the same content of Joules, can enact the 
same changes on its surroundings. There is a qualitative component of every energy carrier that 
the First Law cannot reveal. For this, it is necessary to combine it with the Second Law of 
Thermodynamics, which deals with entropy generation, irreversibility, degradation, the 
direction every real physical process must follow, the arrow of time. All energy conversion 
carries with it the destruction of some capacity to perform changes in the environment. What is 
popularly known as energy is, in fact, exergy, this capacity to perform useful work. Exergy 
analysis, thus, uncovers a new, forgotten dimension of energy use, and sometimes both analyses 
are at odds as to the efficiency with which this conversion is made, high energy and exergy 
efficiencies not being necessarily correlated. As well, energy of higher quality should not, 
theoretically, be used for low quality finalities, as not only exergy use is altering the 
environment, but once capacity to perform useful work is destroyed, it cannot be retrieved 
without the expense of more exergy than it was destroyed on the process.  
Once established that dangerous climate change can occur if energy use continues the 
present path, the first research interest would be to investigate how it is being used on a region 
of interest. Secondly, to choose that region, based on available resources such as time and 
20 
 
quality of data, and the complexity desired for energy use planning. The theoretical apparatus, 
for the reasons explained above, is the combination of the First and Second Laws of 
Thermodynamics.  
One of the challenges of using this theoretical apparatus is the perceived distance between 
its usefulness in textbooks and applied engineering analysis and system optimization, and that 
of the policy maker dealing with the challenges of curbing climate change. It is of interest to 
carry an exergy analysis of that region. To show in what forms it can be useful, what new 
information it can provide. Also, to help, along with other metrics, studies and analysis, the 
decision-making process which deals with as complex of a task as that of expanding energy 
access and availability on the one hand, while potentially diminishing environmental 
degradation on the other. 
This dissertation, thus, aims at building a model of exergy use in São Paulo, deemed of 
enough scale while on a manageable complexity not possible if dealing with the whole country. 
To provide an end-use exergy efficiency for each sector individually and for the society, and 
then use this information to propose or test some measures and what effects it would elicit on 
the model built. Not only the efficiency indexes should provide useful information, but the 
process of reaching this information, of building the model itself, as well. Exergy analysis has 
its limitations, and when that was encountered, the focus shifted towards emissions and the 
possibility to avoid them.  
 
 
1.1 Dissertation structure 
 
 
Chapter one serves as a brief introduction, chapter two and three the literature review, 
starting with a generalized view of the connection between technical progress, energy use and 
climate change, then proceeding to lay the theoretical basis, the two fundamental laws of 
thermodynamics and the concept of exergy, how this concept was applied in analogous cases 
as that of this dissertation, as well as the challenges of modelling on such scale. Chapter four 
provides an overview of the method carried out for the analysis, why São Paulo was chosen, 
how it was modelled, and where data and information came from. Chapter five carries the 
exergy analysis on a sector by sector basis, and each exergy efficiency is obtained. Chapter six 
uses the information of chapter five, sectoral exergy efficiency, to discuss and test come 
alternative exergy usage paths, and the changes they would bring to the results. As well, total 
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or avoided emissions were calculated for some of these measures. This dissertation ends with 
chapter seven, with a conclusion of the results obtained, as well as research possibilities to 
further the resolution of the model, the assumptions made, the refinement of the results of 
chapters five and six, as well as other possible paths to follow.  
22 
 
2 ENERGY AND THE ENVIRONMENT 
 
 
“Through his worldwide industrial civilization, Man is unwittingly conducing a vast 
geophysical experiment.” 
The White House (1965) 
 
 
Modern society was built on the use of energy-dense fuels, those carrying great energy 
respective its volume or weight, as well as a spatial density, as defined by Smil (2010), on an 
ever-increasing scale, as shown by Smil (2004) and depicted on Figure 1.  
 
Figure 1 – Power of the biggest prime movers throughout history. 
 
Source: Smil (2004). 
 
Such availability brought great advancements on a host of subjects. The possibility of 
altering ambient conditions by means of energy use permitted the preservation of food, 
increased thermal comfort, and improved health care. The apparent compression of time and 
space, the possibility of instantaneous communication across the globe, of crossing oceans 
overnight by air, the transformation of local markets on global networks of goods and services, 
none of which would be possible if not for the availability of fuels with energy densities which 
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greatly exceeds that of the most powerful human or animal. Undeniable as the advancements 
are, such use of energy carries with it, by the predicaments of the Laws of Thermodynamics, 
the potential to modify the environment.  Localized problems, such as air pollution, brought 
about by a new coal-fired power plant, increased in scale. The best illustrations perhaps the 
Chernobyl disaster and the ozone layer depletion, which pointed that human action was 
beginning to change larger systems. 
Up until the Industrial Revolution unfolded, muscles were relied to perform work and 
ready to use biomass to provide heat. Animal domestication came in later to substitute some 
forms of physical activity by a more powerful mode, mainly horses and cattle. Hydropower was 
then explored by water wheels. This set of motive power was somewhat constant until the steam 
engines began to emerge, at the end of the 18th century. Since its conception, prime movers 
experienced an exponential growth in work capability. A horse can exert a power of 500 W, 
about five times that of humans. This is some orders of magnitude lower than what a modern 
natural-gas powered turbine can provide, with rated power reaching the giga-watts (109 W). 
These gains in prime mover capacity are summarized in Figure 1. 
The 1970s experienced the oil shocks of 1973 and 1979, when the supply of this essential 
fuel was cut. It served as an impulse to seek better ways to use this resource, and studies began 
to emerge more systematically, such as APS (1975). Meanwhile there was some concern related 
to the environmental modifications brought by human activity on natural processes, and 
nature’s capacity to provide essential services for a mankind with higher rates of population 
growth and consumption per capita, according to the first model of such kind, by Meadows et 
al. (1977).  
A decade later, it was found that the ozone layer was suffering depletion by the 
dissociation of chlorine present on chlorofluorocarbons (CFCs) reacting with ozone. Even if 
not strictly related to energy use, ozone depletion showed the capacity of human activity to 
alter, and potentially harm, the environment. Concern grew into a conference held in Rio in 
1992, known as Rio-92, which posed these questions under a single umbrella. A more energy 
related influence on the environment came to be known as Climate Change, the phenomenon 
of carbon dioxide and other gases (CH4, refrigerants, for instance), mostly released by the 
combustion of fossil fuels, which trap solar radiation in the atmosphere, also known as the 
greenhouse effect, according to Pachauri et al. (2015).  
Currently, environmental concern expanded in scope and simultaneously converged. 
Combustion laws dictate that the use of fossil fuels, hydrocarbons (CxHy), will emit carbon 
dioxide (CO2), among other pollutant particles. Such emission alters atmospheric composition 
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and thus solar radiation equilibrium reaching and leaving the Earth. As the concentration of 
CO2 in the atmosphere rises, so does average biosphere temperature, the stark correlation one 
of the most well documented physical phenomenon by the natural sciences. Naturally, then, 
CO2 and the other greenhouse gas emissions related to energy use can be seem as the focal point 
of environmental concerns.  
Thus, the problem faced today, and the challenge for the near-future, on a global 
perspective, is twofold: how to guarantee expanding access to the comforts of modern 
civilization to a population that is still increasing in number, while simultaneously preventing 
environmental conditions to reach a tipping point beyond which, even though computational 
capacity is improving, cannot yet be accurately foreseen. Computational and modelling 
capacity that can, indeed, calculate a “carbon budget”, meaning the amount of greenhouse gases 
(GHG) that can still be emitted on a selected timescale to prevent the reaching of such tipping 
point, as calculated and discussed by Meinshausen et al (2009). 
Energy analysis from an end-use perspective and the description of its usage patterns and 
the efficiency with which it is converted has its usefulness in the context of the discussion 
above, once the connection between energy use and CO2 emission, and consequently energy 
use and climate change, is established.  
What is not immediately evident, and one of the aims of this dissertation is to discuss the 
importance and usefulness of this thermodynamic quantity, is that an energy analysis relying 
only on the First Law neglects the qualitative aspect of energy. For that aspect it is necessary 
to combine it with the Second Law of Thermodynamics, which brings to the fore the concept 
of Exergy as studied in detail elsewhere, such as Kotas (1985) and Szargut, Morris and Steward 
(1988). Exergy is the true measure of the capacity of matter to perform change on its 
surroundings, i.e. work, and it can be applied to any system which uses energy, from the scale 
of each individual process on an industrial plant to an entire society, from a small cell to the 
human body.  
Efficient use of energy perhaps emerged as soon as an external source of energy was first 
adopted. To be able to perform the same task with less energy (or material, or time) expenditure 
is one of the aims of technological development. This development, though, took a sharp change 
in scale from the 18th century on, as detailed by Smil (2005, 2006). Not coincidentally, this 
period marks a number of milestones, such as the invention of the steam-powered engine and 
the spread of coal. 
Evidence of anthropogenic induced climate change is constantly being gathered, e.g., 
recorded annual average temperature increase, as detailed by Pachauri et al. (2015). There is 
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little doubt now on the scientific community about who is responsible for such changes, as well 
as mankind’s capacity to substantially alter the environment from where it takes its vital 
ingredients, from urban heat islands to the greenhouse effect. Man, at some point of the recent 
past, was no longer a biological agent, one who takes what it needs to survive from its 
surroundings, but a geological agent, capable of altering the environment, some of which may 
take millions of years to subside. Such is the thesis of Chakrabarty (2009), and it is even being 
debated as to alter the name of our geological era, from the fairly stable 10000 years of the 
Holocene for the Anthropocene, the human age, following Monastersky (2015).   
Climate change is one of the great challenges of the 21st century, as energy access will be 
provided to a greater share of a still growing population, as discussed by Obama (2017). How 
to achieve this without disrupting even further the environment is not a simple quest, and 
involves many disciplines. Energy, evidently, is one of them, and will be the focus of the 
remaining of this dissertation.  
 
 
2.1 Climate change 
 
 
The first studies investigating the possible effects of the burning of fossil fuels on earth’s 
climatic system dates from the turn of the 19th century, with Chamberlin (1899) and Arrhenius 
(1903) apud The White House (1965). The science backing the mechanism is simple to grasp: 
the burning of such energy-dense (in kJ/kg, or high carbon content) materials converts this 
energy into work. The reaction of these hydrocarbons with an idealized air produces water, CO2 
and nitrogen, according to Van-Wylen, Sonntag and Borgnakke (2013). Some of the produced 
CO2 will be dissolved in the oceans, some consumed within the biosphere, some will remain in 
the atmosphere. This CO2 presented in the atmosphere will act as an absorber and reflect 
infrared radiation, increasing the temperature of the lower levels of the atmosphere. This 
phenomenon is called greenhouse effect, according to The White House (1965). 
Human activity interference with the environment can be made on several forms, the use 
of water, the use of land, and the use of the deposits of fossil fuels produced throughout millions 
of years. The rapid burning of these fuels, on a scale orders of magnitude greater than the time 
needed for it to be produced, caused some of the changes explained on Figure 2, as indicated 
by Pachauri et al. (2015) 
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Figure 2 – Observed chances of land and oceans mean surface temperature (a), land surface temperature between 
1901-2012 (b), sea ice extension (c), global mean sea level change, 1900-2010 (d), observed change in 
annual precipitation over land 1951-2010. 
 
Source: Pachauri et al. (2015). 
 
It is expected, then, that CO2 concentration in the atmosphere jumped from a relatively 
stable number of 280 parts per million observed on most of the Holocene until the beginning of 
the Industrial Revolution, generally placed at the middle of the 18th century, to present values 
that exceed 400 parts per million, as observed on Figure 3.  
 
Figure 3 – Globally averaged greenhouse gas concentrations, 1750-2010 
 
Source: Pachauri et al. (2015). 
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All energy used to power a society comes, in one way or another, from the sun. For 
instance, fossil fuel is concentrated organic matter, which feeds itself by photosynthesis. This 
“CO2 capture bomb” which took millions of years to remove CO2 from the atmosphere, was 
reversed in a matter of a few centuries. Now mankind rapidly exhausts these reserves, releases 
this CO2 into the atmosphere and disrupts this long-standing equilibrium, as discussed by 
Hansen et al. (1981) and The White House (1965). 
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3 TECHNICAL ASPECTS 
 
 
“When I had been a student, I have read with pleasure F. Wald’s small book under the 
title “The Queen of the World and her Shadow”. Energy and entropy were kept in mind. Now, 
when I understand these concepts deeper, I think that their positions should be interchanged. 
In the giant factory of natural processes, the entropy law is a director who controls and 
manages all the business, while the energy conservation law is only an accountant who is 
keeping a balance between debit and credit.” 
Robert Emben, 1938 apud Jørgensen & Svirezhev (2004) 
 
 
3.1 Thermodynamic fundaments  
 
 
3.1.1 The First Law of Thermodynamics 
 
 
 The First Law of Thermodynamics sets the energy conservation principle. Energy 
cannot be created nor destroyed, but only transformed, from kinetic to potential, chemical to 
mechanical, among other possibilities, and can be summarized in the following Equation 1, 
obtained from Oliveira Jr. (2013): 
 
𝑑𝐸𝐶𝑉
𝑑𝑡
= ∑ ?̇?𝑖 (ℎ𝑖 +
𝑉𝑖
2
2
+ 𝑔𝑧𝑖) − ∑ ?̇?𝑜 (ℎ𝑜 +
𝑉𝑜
2
2
+ 𝑔𝑧𝑜) + ?̇?𝐶𝑉 − ?̇?𝐶𝑉 (1) 
 
𝑑𝐸𝐶𝑉
𝑑𝑡
= ∑ ?̇?𝑖 (ℎ𝑖 +
𝑉𝑖
2
2
+ 𝑔𝑧𝑖) − ∑ ?̇?𝑜 (ℎ𝑜 +
𝑉𝑜
2
2
+ 𝑔𝑧𝑜) + ?̇?𝐶𝑉 − ?̇?𝐶𝑉Where 
𝑑𝐸𝐶𝑉
𝑑𝑡
 is the 
time rate of the energy variation in the Control Volume (CV), ?̇?𝑉𝐶 the heat transfers into and 
out of the system and ?̇?𝑉𝐶 is the work performed by or added to the system. The terms on the 
right-hand side of the equation refers to the enthalpy flow rates (h), kinetic energy (V2/2) and 
potential (gz) entering (i) and leaving (o) the CV, multiplied by the mass flux (?̇?), as defined 
by Kotas (1985). 
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3.1.2 Entropy and The Second Law of Thermodynamics 
 
 
The entropy generation of a system is of great importance to measure how far a real 
process is from a reversible one, and its concept has profound consequences, being applied to 
a wide range of areas, not always with the most theoretical rigor. The confusion began with 
Clausius statement that “the entropy of the universe tends to a maximum”. This is not correct, 
as it assumes that the universe is an isolated system, which it is not, as discussed by Michaelides 
(2008). 
Entropy as a measure of disorder, and this was interpreted on the broadest possible way 
(and will be dealt shortly), has it connection with Boltzmann, with the Equation 2: 
 
𝑆 = 𝑘𝑙𝑛(𝑤) (2) 
 
The importance of this equation is maybe best illustrated by the fact that it is written on 
the author’s gravestone. k is the Boltzmann number, a constant, w represents the number of 
microstates compatible with a given total energy, and can be calculated independently from 
probabilistic theories, according to Michaelides (2008). Gibbs termed it as thermodynamic 
probability. Even though it has no connection with probability theory whatsoever, this 
definition gave way to a host of erroneous interpretations for the concept of entropy, best 
illustrated by Michaelides (2008). 
Entropy is an objective concept which, based on a rather loose definition, opened way to 
applications on a very wide range of areas, being used to measure “disorder” of systems, social 
groups and entire societies, as discussed by Michaelides (2008). 
Life is a constant search for negative entropy (or free energy) sources to make up for the 
increase in entropy, to keep a relatively low entropy steady state, according to Schrödinger 
(1944). 
With this definition in mind, Georgescu-Roegen (1974) tried to apply the entropy concept 
to the economic process in societies. Unfortunately the author proceeded from an erroneous 
interpretation of entropy, which he thought was divided into material and energetic entropy, 
when in actuality entropy is a indivisible whole, according to Kåberger and Månsson (2001) 
Not every economic process proceeds towards a state of higher entropy. Metallic mineral ores 
have higher entropy values then after refined, as well as air on combustion processes or sea 
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water used on desalinization, the examples given by Kåberger and Månsson (2001). Red mud 
has lower specific entropy than bauxite, according to Kovalev (2016). 
Taking another perspective, the entropy needed to compensate for that produced by 
society (civilization) is too small compared with the one brought in daily by the sun. Estimations 
give the total energy use by mankind in the order of 10 TW by the turn of the 21st century, as 
estimated by Kåberger and Månsson (2001). If all this energy is converted into heat at average 
earth temperature, about 250K, the rate of entropy production would be 0.04 TW/K, while the 
natural rate of entropy production is approximately 0.6 PW/K, or roughly 15,000 times higher, 
based on calculations by Kåberger and Månsson (2001). Szargut (2003), proceeding from 
another route, calculates anthropogenic exergetic losses in the order of 6000 times lower than 
natural ones. The precision of such calculations matters far less than the orders of magnitude 
involved. Quite simply, mankind is not bringing chaos to the universe by using and converting 
energy, and thus increasing entropy. 
Man-induced disequilibrium, specially by the burning of fossil fuels and the consequent 
emission of greenhouse gases in the atmosphere, are not related with anthropogenic entropy 
production, as shown by Kåberger and Månsson (2001). To make it clear, entropy in this work 
will be dealt exclusively to derive the concept of exergy, to proceed from the First to the Second 
Law of Thermodynamics. From the numbers above, entropy production concerns matter only 
because it correlates with lost work capacity, irreversibility, and it is from this standpoint that 
the analysis proceeded.    
 
 
3.2 Exergy 
 
 
The First Law of Thermodynamics is one of the fundamental physical laws and 
establishes the principle of the conservation of energy, which cannot be destroyed, but 
transformed from one form to another. Thus, a simple energy balance accounts for energies 
transfers in a control volume of choice, as stated by Dinçer and Rosen (2013).  
Nonetheless, the same quantity of energy does not always have the same capacity to 
perform useful work. As well, the First Law, when applied without considering the quality of 
energy conversion, is not the most suitable tool to identify irretrievable losses, as it is incapable 
of showing irreversibility, which occurs in every real system. Irreversibility is the loss of 
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capacity to perform useful work brought by the conversion of energy. For such information, it 
is necessary to combine both the fundamental laws of thermodynamics, and thus the concept of 
exergy. Table 1 gives an overview of the evolution of the concept of exergy, obtained from 
Oliveira Jr. (2013). 
 
Table 1 – Evolution of the concept of exergy. 
Year Author Original Designation Free English translation 
1824 Carnot Puissance motrice du feu Motive Power of Fire 
1872 Thomson  Motivity - 
1873 Gibbs 
Available energy of the body and 
medium 
- 
1881 Gouy Energie utilisable Usable Energy 
1898 Stodola Freie technische energie Free technical energy 
1925 Debaufre Available energy - 
1935 Bonsjakovic Technische arbeitsfähigkeit 
Technical ability to perform 
Work 
1944 Thring Virtue of energy - 
1953 Schmidt Technische maximale arbeit Technical maximum Work 
1955 Gibert Energie non dégradée Non-degraded energy 
1956 Grigull Ekthalpie - 
1956 Rant Exergie Exergy 
Source: Oliveira Jr. (2013). 
 
To evaluate the maximum available work it is necessary to combine the First and Second 
Laws of Thermodynamics. Equations 3 and 4 indicate the results for reversible processes and a 
control volume with one inlet and one outlet. 
 
𝑄0 = 𝐻𝑖 − 𝐻𝑜 + 𝑊𝑚𝑎𝑥         (3) 
 
𝑆𝑖 − 𝑆𝑜 = 𝑄0 𝑇0⁄   (4) 
 
Thus, substituting Q0, the heat transfer to the environment at a surface at temperature 
T0, from Equation 3 into Equation 4, it is possible to evaluate the maximum available power, 
per Equation 5.  
 
32 
 
𝑊𝑚𝑎𝑥 = 𝐻𝑖 − 𝐻𝑜 − 𝑇0(𝑆𝑖 − 𝑆𝑜) (5) 
 
From Dinçer and Rosen (2013), the importance of performing an exergy analysis can be 
summarized as follows: 
 
It is the best tool for analyzing the impact of energy resources utilization on 
the environment. 
It is an adequate technique to observe the true magnitude of inefficiency and 
losses, its location and its type. Dinçer and Rosen (2013) 
 
 Exergy is the maximum amount of work that can be obtained from an energy source in 
relation to a reference state, which can be defined as an immutable, sufficiently large body, in 
perfect thermodynamic equilibrium state. The potential to perform useful work, exergy, of any 
energy source is a measure of the disequilibrium, or distance, from this reference state. 
 The energy balance is the law that governs energy conservation, the exergy balance deals 
with energy degradation. All real processes are irreversible, meaning there is always 
irretrievable work capacity loss, as defined by Kotas (1985).  
 When the system and its environment are in thermal and mechanical equilibrium, this 
state is named Restricted Reference State. Temperature and pressure in this state are called T0 
and P0, with respective values of 298.15 K and 101.325 kPa, defined by Szargut, Morris and 
Steward (1988). If, along with thermal and mechanical equilibrium, chemical equilibrium is 
observed, the Dead State is defined. At this equilibrium state exergy is zero. The control volume 
in Figure 4, with n entrances and exits, heat exchanges with different temperatures Ti, variable 
regime, and deformable control volume can be used to derive the exergy analysis. 
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Figure 4 – Control Volume. The indices e and i refer to entrance and exit. H, S and µ respectively enthalpy, entropy 
and chemical potential. 
 
Source: Oliveira Jr. (2013). 
 
Equation 6 is the exergy balance from the control volume considered. It is composed of 
the following terms, obtained from Oliveira Jr. (2013). 
 
𝑑
𝑑𝑡
(𝐸 + 𝑝0𝑉 − 𝑇0𝑆) = ∑ 𝑄𝑖
𝑖
(1 −
𝑇0
𝑇𝑖
) − 𝑊𝑒𝑓 − 𝑇0𝑆𝑔𝑒𝑟 − (∑ 𝐻𝑖
𝑖
− ∑ 𝐻𝑜
𝑜
− 𝑇0 (∑ 𝑆𝑖
𝑖
− ∑ 𝑆𝑜
𝑜
)) (6) 
      
• Variation between entrance and exit exergy streams (Bi e Bo): (∑ 𝐻𝑜𝑜 − ∑ 𝐻𝑖𝑖 −
𝑇0(∑ 𝑆𝑜𝑜 − ∑ 𝑆𝑖𝑖 )). 
• Exergy associated with the heat transfer (Bqi): ∑ 𝑄𝑖𝑖 (1 −
𝑇0
𝑇𝑖
). 
• Pure exergy, or performed work (Wef). 
• Destroyed exergy or work capacity destroyed by irreversibility (Bdest): 𝑇0𝑆𝑔𝑒𝑟. 
• Time rate variation of exergy inside the control volume 
𝑑
𝑑𝑡
(𝐵) =
𝑑
𝑑𝑡
(𝐸 + 𝑝0𝑉 − 𝑇0𝑆). 
 
Discarding the nuclear, magnetic, electric and surface tension effects, exergy can be 
divided into four components: kinetic, potential, physical and chemical, as shown in Figure 5 
and Equation 7, obtained from Kotas (1985). 
 
34 
 
Figure 5 – Exergy components. 
 
Source: Oliveira Jr. (2013). 
 
𝑏 = 𝑏𝑝𝑜𝑡 + 𝑏𝑐𝑖𝑛 + 𝑏𝑝ℎ + 𝑏𝑐ℎ  (7) 
 
 Kinetic and potential exergy are equivalent, respectively, to the kinetic and potential 
energy, as both can be entirely converted into work, according to Van-Wylen, Sonntag and 
Borgnakke (2013). Both terms will be discarded for the remaining analysis, as values are 
negligible when dealing with a control volume the size of a state of a country. The physical and 
chemical exergy terms will be given detailed analysis when the method is discussed. 
 
 
3.2.1 Physical exergy  
 
 
Physical exergy is the work that could be obtained through a reversible physical process 
to bring a substance from its initial pressure P and temperature T to those of the reference 
environment, P0 and T0, according to Equation 8, obtained from Kotas (1985). 
 
𝐵𝑝ℎ = (ℎ𝑖 − ℎ𝑜) − 𝑇0(𝑠𝑖 − 𝑠𝑜) (8) 
 
   
3.2.2 Chemical exergy 
 
 
A substance being already at the reference state of P0 and T0 could produce some work 
by bringing it into “thermodynamic equilibrium with the datum level components of the 
environment”, according to Szargut, Morris and Steward (1988), and can be defined for a 
mixture as the Equation 9. The second term of the right-hand side is always negative, which 
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implies that the chemical exergy of mixtures are always less than the sum of the exergy of each 
individual component, according to Kotas (1985). 
 
𝐵𝑐ℎ = (∑ 𝑥𝑖
𝑖
𝑏𝑐ℎ𝑖,𝑖 + ?̃?𝑇0 ∑ 𝑥𝑖𝑙𝑛𝑥𝑖
𝑖
) 𝑁 (9) 
 
 
3.2.3 Exergy efficiency 
 
 
Two basic equations were used to evaluate energy and exergy efficiencies, derived from 
the energy and exergy balances. These are Equations 10 and 11, as proposed by Rosen (1992). 
Different assumptions lead to different methods to calculate exergy efficiencies, as can be found 
on Kotas (1985), Nguyen et al. (2014) and Utlu et al. (2006). It is not in the scope of this work 
to discuss the most appropriate form of exergy efficiency for every process, as this is a process 
in continuous review, as indicated in Mosquim et al. (2017). When needed, punctual 
clarifications were made.  
 
η =
Energy of the products
Total energy input
 (10) 
                
ψ =
 Exergy of the products
Total Exergy Input
  (11) 
 
   
3.3 Specific forms of exergy efficiency 
 
 
3.3.1 Heating 
 
 
Heating is obtained through heat transfer Qp at a constant temperature Tp, the source being 
either electricity, We, or the burning a mass mf of fossil fuels. Electrical heating energy and 
exergy efficiencies are given by Equations 12 and 13, obtained from Rosen (1992): 
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𝜂ℎ,𝑒  = 𝑄𝑝 𝑊𝑒⁄  (12) 
    
𝜓ℎ,𝑒 = 𝐵
𝑄𝑝 𝐵𝑊𝑒⁄ → (1 − 𝑇𝑜 𝑇𝑝⁄ ) 𝑄𝑝 𝑊𝑒⁄ ≈ 𝜓ℎ,𝑒 = (1 − 𝑇0 𝑇𝑝⁄ )𝜂ℎ (13) 
 
For fossil fuel as an energy source through heat transfer, the efficiencies are given by 
Equations 14 and 15, considering the energy grade function of selected fuels,  𝛾𝑓 =
𝐻𝐻𝑉 𝐵𝑐ℎ  ≈  1.00⁄ , following Rosen (1992) and Schaeffer and Wirtshafter (1992). 
 
𝜂ℎ,𝑓 = 𝑄𝑝𝜂ℎ 𝑚𝑓𝐻𝐻𝑉𝑓⁄  (14) 
  
𝜓ℎ,𝑓 = 𝐵
𝑄𝑝 𝑚𝑓𝑏𝑓⁄ → (1 − 𝑇𝑜 𝑇𝑝⁄ ) 𝑄𝑝 𝑚𝑓𝛾𝑓𝐻𝐻𝑉𝑓⁄ ≈ (1 − 𝑇𝑜 𝑇𝑝⁄ )ηh,f (15) 
 
 
3.3.2 Cooling 
 
 
Cooling energy efficiency, Equation 16, was considered as the ratio between a usual COP 
and maximum COP, as discussed in Saidur et al. (2007), for it best represents the degree of 
perfection of the cooling technology used. For equipment such as air conditioning, freezers and 
fridges, the exergy efficiency is calculated by Equation 17: 
 
𝜂𝑐,𝑒 = 𝐶𝑂𝑃𝑢𝑠𝑢𝑎𝑙 𝐶𝑂𝑃𝑚𝑎𝑥𝑖𝑚𝑢𝑚⁄  (16) 
 
𝜓𝑐,𝑒 = |(𝑇0 𝑇𝑝⁄ ) − 1|𝜂𝑐,𝑒 (17) 
   
 
3.3.3 Electrical equipment 
 
 
For electrical equipment in general, energy and exergy efficiencies were assumed to be 
80%, according to Rosen (1992), Utlu and Hepbasli (2005) and the National Institute of 
Metrology, Quality and Technology (INMETRO) (2017), hence 𝜓𝑒𝑙 ≈ 𝜂𝑒𝑙 = 0.8. 
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For lighting, electrical efficiency depends on the bulb technology, halogen, incandescent 
or LED, and were obtained at INMETRO (2017) on a Lumen per Watt basis. Exergy efficiency 
is, according to Rosen (1992) and Utlu and Hepbasli (2005), 𝜓𝑙,𝑒 ≈ 0.95 𝜂𝑙,𝑒. 
 
 
3.4 Exergy analysis applied to societies 
 
 
The first oil shock in 1973 was an impulse for the study of energy efficiency. The 
overview of societies soon emerged, and the Second Law played an important role beginning 
with Reistad (1980). Oil dependency was a major cause of concern, naturally, thus 
investigations on forms of mitigation of this dependency followed. Either by shifting fuels, 
preferably to renewable sources, or simply decreasing consumption by improved efficiency 
were some of several pursued topics.  
Thus, work such as the one done by APS (1975) is a single example of study that began 
to emerge from that impulse. It is natural, then, that the fundamental laws of Thermodynamics 
were one of the chosen apparatus to deal with energy use in societies. The pioneer work was 
made by Reistad (1980), who analyzed the Second Law efficiency of the United States for the 
year 1970 and obtained 8.1% or 17.3%, depending on different means of calculation by the 
author. These efficiency values were at the same time sobering and encouraging. Sobering as it 
made clear that the energy conversion had low efficiency on several sectors of society. 
Encouraging, as there was an enormous potential for gains on this area. The research of Wall 
(1986) in the 1980s helped to encourage the application of Second Law analysis for societies, 
and the 1990s expanded the area with numerous more works, such as Rosen (1992) for Canada, 
Schaeffer and Wirtshafter (1992) for Brazil, Wall (1990) for Japan and Wall et al. (1994) for 
Italy. For a comprehensive review of works on the subject, it is recommended the research of 
Ertesvåg (2001) and Utlu and Hepbasli (2007), with Table 2 providing a brief summary. Even 
though each work has its own model, assumptions and method, two general approaches can be 
identified, one following Wall (1986), which considers exergy flows of raw-materials as well 
as exergy use, the other following Reistad (1980), where only final exergy use is considered, as 
summarized by Ertesvåg (2001). A brief inspection of Table 2 indicates that values for overall 
exergy efficiency are, in most cases, around the 20% mark with a range from 9% to 28%. 
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Table 2 – Exergy efficiency of selected societies. 
Society 
Total input 
(GJ/capita) 
Input to end 
use 
(GJ/capita) 
Total output 
(GJ/capita) 
End-use 
efficiency 
Total 
efficiency 
Analyses following Wall’s approach 
Norway 1995 278 240 68 0.27 0.24 
Sweden 1994 301 217 48 0.22 0.16 
Italy 1990 145 117 24 0.21 0.17 
Japan 1985 148 108 29 0.26 0.19 
Sweden 1980 298 246 65 0.27 0.22 
Sweden 1975 300 - 55 - 0.18 
Ghana 1975 38 37 11 0.29 0.28 
Sweden 1920 120 - 30 - 0.25 
Analyses following Reistad’s approach 
Turkey 1995 44 32 6 0.18 0.13 
Brazil 1987 42 36 10 0.26 0.23 
Canada 1986 322 262 78 0.30 0.24 
Finland 1985 246 137 33 0.24 0.13 
USA 1970 321 256 66 0.26 0.21 
OECD 1990 192 130 23 0.17 0.12 
World 1990 72 51 7 0.15 0.10 
Non-OECD 1990 48 35 4 0.13 0.09 
Source: Ertesvåg (2001) 
 
From the 2000s the number of published works expanded rapidly, and some 
specialization emerged, with articles about specific sectors of an economy, to provide more 
depth to the analysis. As well, generalized works were still published (AL-GHANDOOR, 2013; 
AYRES, 2003; CHEN & CHEN, 2009; ERTESVÅG & MIELNIK, 2000; ERTESVÅG, 2005; 
KORONEOS et al, 2011; ROSEN & DINCER, 1997), along with specialized ones which dealt 
with specific sectors within the economy, the Residential, Commercial, Industrial, 
Transportation, Rural or even just the Hoteling subsector (BÜHLER et al., 2016; JI & CHEN, 
2006; KONDO, 2009; KORONEOS & NANAKI, 2008; LIU et al., 2014; SAIDUR et al., 2007; 
UTLU & HEPBASLI, 2005, 2006b; XYDIS, et al, 2009). 
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3.5 Rebound effect 
 
 
Before proceeding with the analysis, it is necessary to elucidate a complicating factor 
when dealing with energy efficiency, especially when with such a complex system as a society. 
The matter was first discussed by Jevons, a 19th century economist, who predicted that, as coal 
use efficiency increased, so would its consumption. This seemingly counterintuitive outcome 
became known, when data confirmed it later, as the Jevons Paradox, or Jevons Effect. The 
modern interpretation of the phenomenon was named the Rebound Effect, and the erroneous 
assumption that energy efficiency gains would necessarily translate into reduced consumption 
stems from “the fact that changes in appliance efficiency have a price content” being 
overlooked, as defined by Khazzoom (1980). Thus, it is necessary to elucidate such 
phenomenon, and its role played on the analysis carried on Chapter 6.  
According to Khazzoom (1980), three probable outcomes will happen when an appliance 
efficiency improves, either separately or jointly: 
 
The utilization rate of the appliance will tend to increase. 
The stock of that appliance will tend to increase by an amount that may 
partially offset or more than offset the decrease in the stock of that appliance 
(as measured by wattage) required to provide the same level of service as 
before. 
The utilization rate, as well as the ownership of other appliances, will tend to 
increase (due to interdependence of end-uses). Khazzoom (1980). 
 
In other words, improving the efficiency of an air conditioner makes it usea less energy, 
thus cheaper to own in the long run. As it is now cheaper to own it, ownership rises. Thence 
more appliances are being used than before, and overall energy consumption might be higher 
with this higher efficiency appliance than before, offsetting partially or totally the expected 
reduction in energy consumption.  
Figure 6 shows a standard supply and demand curve, with parameters S for supply, U for 
utilization rate, P for price, and E for efficiency for vehicle use and fuel price. Initially, car 
efficiency E0 has a price per mile P0 and utilization rate U0 crossing the original supply and 
demand curves D and S(E0). If car efficiency drops to E1, lower than E0, supply curve shifts 
down to S(E1), price per mile will be higher, P1, and thus, all else being equal, utilization rate 
drops to U1. Now, when efficiency rises above E0, to E2, supply is shifted up to S(E2), and, since 
running a car is now cheaper, with price per mile P2 < P0, utilization rate goes up to U2. Intuitive, 
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so far. The wrong counting comes from the fact that some analysis posts that both a decrease 
(E1) and an increase (E2) in efficiency shifts the supply curve to the right, in the latter case to 
Ŝ, not S(E2), and utilization rate drops either way, to U1 or Ȗ. This region between U2 and Ȗ is 
defined as the wrong counting. This region of wrong counting in utilization rate (energy 
consumption) must be avoided by any study dealing with changes in energy efficiency such as 
this one will deal after modeling the São Paulo State energy use. 
 
Figure 6 – Relationship between car utilization rate (gasoline demand) and changes in efficiency. 
 
Source: Khazzoom (1980). 
 
Figure 7 reveals the expected relationship between appliance efficiency (E) and 
utilization rate (U) at some price point P. At a higher utilization rate, improvements in efficiency 
are not likely to result is an increase in the utilization rate. On the other hand, when ownership 
for that appliance is low, increases in efficiency will probably result in a relatively large increase 
in the utilization rate. Thus, if it is considered that lighting is near saturation, closer to the top 
of the curve on Figure 7, it should be expected that improved lighting efficiency, say with light 
emitting diode (LED) lamps, would not result in greater lamp utilization, thus some energy 
savings can be expected from this end-use. On the other hand, if an appliance has a relatively 
low utilization rate, efficiency improvements for this appliance can result in a relatively larger 
increase in utilization rate than the expected reduced energy use for each individual appliance, 
thus occurring the rebound effect. For an evolutionary perspective on the topic, (RUZZENENTI 
& BASOSI, 2008), studies dealing with a generalized view for a country, (FAN et al. 2016), an 
appliance (air conditioner) in China (LIU et al, 2016), the Residential sector in Beijing, China 
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(WANG et al. 2016) or personal vehicle travel in Great Britain (STAPLETON et al. 2016) are 
a few examples of the vast literature available. According to Stapleton et al. (2016), direct 
rebound effect lies within the range of 10% to 30%, thus a non-negligible effect.  
 
Figure 7 – Relationship between appliance efficiency, energy price and utilization rate. 
 
Source: Khazzoom (1980). 
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4 THE METHOD 
 
 
To provide depth to the analysis, it was chosen to focus on a single state in Brazil, rather 
than the whole country, as regional variability is high, either economically, socially or with 
regards to natural conditions such as average temperature, rainfall or seasonal weather 
differences. Electrical shower is not much needed in the northern states, which experience hot 
temperatures all year. In the south, temperatures can get near or even below zero Celsius in the 
winter. Thus, an analysis focusing on the entire country would be more generalized than 
desired, a state by state study would require too much data computation. For this reason, São 
Paulo was chosen.  
Raw data is obtained from the annual Energy Balance of the State of São Paulo (EBSSP) 
2015, produced by the Energy State Secretariat São Paulo (ESSSP) (2015). Data on energy 
consumptions starts from the year 1980, and it was used to produce trends for the overall exergy 
consumption for the state and its constituent sectors. The year 2014 was chosen as the base year 
for the calculations of exergy efficiencies and to test some measures on the model, as not enough 
data was found to estipulate changes in efficiencies over time. Energy values on the ESSSP are 
given in thousands of tons of equivalent oil (ktoe) and thus required a first conversion to 
International System Units (SI), Joule.2  
As discussed in the literature review, exergy, not energy, was the chosen theoretical 
thermodynamic framework to analyze end-use energy consumption, and so values were again 
converted, using factors summarized in Table 3, into exergy terms. Appendix A indicates the 
São Paulo State Energy and Exergy Balances, Tables 40 and 41. 
 
 
 
 
 
 
 
 
 
                                                          
2 1 toe = 10,000,000 kcal = 4.184x1010 J. 
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Table 3 – Energy to exergy conversion factors. 
Fuel Exergy Grade Fuel Exergy Grade 
Petroleum 0.99 LPG 0.99 
Steam Coal 1.04 Naphtha 0.99 
Metallurgical Coal 1.03 Kerosene 0.99 
Natural Gas 0.92 Gasworks Gas 0.92 
Hydraulic Energy 1.00 Gas Coke 0.92 
Firewood 1.05 Coal Coke 1.04 
Sugar Cane Juice 1.11 Electricity 1.00 
Molasses 1.11 Charcoal 1.05 
Sugar Cane Bagasse 1.00 Anhydrous Ethanol 1.05 
Black Liquor 0.92 Hydrated Ethanol 1.05 
Diesel Oil 0.99 Refinery Gas 0.99 
Fuel Oil 0.99 Others 1.00 
Gasoline 0.99 Non-Energy Products 1.00 
Sources: Schaeffer and Wirtshafter (1992) except Black Liquor from Wall (1986) 
 
The next step is to divide São Paulo into sectors, to further treat data. Figure 8 gives the 
overall representation of the State. The Commercial and Public sectors were merged, due to 
similar energy consumption patterns, and thus are referred from now on as The Commercial & 
Public sector. Some simplifications were made due to the complexity of the task of analyzing 
a society. The “final non-energy consumption” as state on the Balance, was discarded, due to 
lack of data. As well, fuels with negligible consumption within each sector were discarded for 
the sake of simplicity, and clarifications were made as each sector was discussed in Chapter 5. 
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Figure 8 – São Paulo state exergy flow 
 
Source: Concept obtained from Rosen (1992) with adaptations to better represent the model used in this work. 
 
With São Paulo divided into sectors, the analysis proceeded with the use of auxiliary data 
to better approximate its exergy behavior. Of this auxiliary data, the most important are the ones 
which deal with how the energy is being used, i.e., for the Residential sector, what is the share 
of electricity consumption that is taken by showers, air conditioners, electrical appliances, etc.   
Possessing this energy use behavior, to proceed with the analysis was a matter of finding 
the appropriate parameters to calculate energy and exergy efficiencies using the framework and 
equations detailed in the Chapter 3, sections 2 and 3. Data of this kind was more diverse, due 
to the nature of the task. Government studies, similar research found in the literature, 
dissertations, thesis, everything that could provide a build block towards the completion of the 
model. Such data is referred to when appropriate in the next chapter when each sector is 
discussed separately. Figure 9 provides and overview of the data collection process. 
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Figure 9 – Data process flow for the method used to treat literature data. 
 
Source: own construction. 
 
With exergy consumption values on one hand, and energy and exergy efficiencies for 
each individual end-use on the other, exergy efficiencies were obtained by simple weighted3 
averages, with as many steps as necessary to proceed from one fuel in one sector to the entire 
society. 
Ideally this dissertation would use only data obtained from studies which dealt 
exclusively with Brazil, even better would be if the São Paulo state itself. Such case is not 
possible due to the macroscale approach of this work. When dealing with so many variables 
from different end-use energy requirements, to seek specificity would deem this work 
impossible. Extensive literature systematization and analysis were used to select the most 
appropriate data when two or more sources provided different values for the same process or 
parameter. As well, referring to the macroscale of this work, the intent was never to provide an 
in-depth analysis of each individual sector, or process (such as within the Industrial sector), as 
the literature provides ample resources to do so. What is lost in depth is gained in generalization, 
though. 
Table 3 gathers the exergy grade function used to convert energy content of each fuel into 
exergy. All values were obtained from Schaeffer and Wirtshafter (1992), except black liquor, 
obtained from Wall (1986). 
 
 
                                                          
3 Exergy consumption being used as the weighting factor. 
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5 SÃO PAULO STATE EXERGY EFFICIENCY 
 
 
Results will be presented for each individual sector, which were used to calculate the São 
Paulo state exergy efficiency. 
Before proceeding with the analysis, a brief introduction to the state exergy consumption 
behavior is presented. The Industrial sector takes a large and stable share of exergy 
consumption, with about 40% for the period 1980-2014, as shown in Figures 10 and 11. 
Following it is the Transportation sector, with about 35%. Residential, Commercial & Public, 
and Energetic sector each takes less than 10%, and the Rural sector consumption is almost 
negligible. As well, if not for the turn of the century, when electricity supply was insufficient 
due to lack of investment, and rationing was needed, exergy consumption rose yearly, from just 
above 1,000 PJ in 1980 to about 2,700 PJ in 2014, an almost threefold increase.  
  
Figure 10 – São Paulo state exergy consumption by sector (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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Figure 11 – São Paulo state relative exergy consumption by sector (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
 
5.1 Utility sector 
 
 
Before proceeding to the sectorial analysis, it is necessary to investigate the Utility sector 
efficiency to provide electricity used, and such efficiency must be multiplied by the individual 
electrical efficiencies of the Residential and Commercial & Public sectors, according to APS 
(1975). The reason is that if in the Residential sector, for example, one out of every five Joules 
provided in electricity is usefully consumed, and the Utility sector needs two Joules to produce 
one, for each one of these Joules, 10 were needed at the beginning of the process. For the 
Industrial sector, self-generated electricity is a possibility, so, for simplification, it was chosen 
to not apply this electricity generation efficiency conversion factor there. 
São Paulo generates its electricity mainly by hydroelectric dams and thermal power 
plants, the latter being fueled mainly by natural gas. As the Brazilian generation system is 
integrated, the state also imports part of the electricity used. As such, both the state and the 
Brazilian Utilities sectors were treated, and the average efficiency calculated weighted for the 
own generation/import ratio. For 2014, this ratio was 230.9 PJ of self-generated electricity to 
362.7 PJ imported, according to the ESSSP (2015). The state and Brazilian utility sectors are 
summarized in Tables 4 and 5, obtained from EPE (2015). 
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Table 4 – São Paulo State Utility Facilities. 
Type of generation Production (PJ) Fraction (%) Cumulative Efficiencya (%) 
Hydropower 196.3 85.0 54.6 
Natural Gas 31.3 13.6 38.2 
Fuel Oil 3.3 1.4 33.6 
Weighted efficiency   52.1 
Sources: Energy production ESSSP (2015), energy efficiency from Flórez-Orrego (2014) and correction factor for 
cumulative efficiency from Szargut, Morris and Steward (1988) 
Notes: a) Thermal efficiency was multiplied by a factor of 0.84 to account for transmission and other losses, as 
well as energy consumed for plant construction, obtained from Szargut, Morris and Steward (1988).  
 
Table 5 – Brazil Utility Facilities, São Paulo excluded. 
Type of generation Production (PJ) Fraction (%) Cumulative Efficiencya (%) 
Hydropower 1,148.1 60.6 54.6 
Biomass (sugar cane) 116.3 6.1 10.6 
Wind Power 44.0 2.3 37.8 
Other Renewables 50.0 2.6 - 
Natural Gas 260.6 13.8 38.2 
Coal 66.2 3.5 29.4 
Oil by-products 110.7 5.8 33.6 
Nuclear Power 55.4 2.9 33.6 
Other non-renewables 43.7 2.3 - 
Weighted efficiency   43.6 
Overall efficiency, Utility   46.9 
Sources: Energy production EPE (2015), energy efficiency from Flórez-Orrego (2014) and correction factor for 
cumulative efficiency from Szargut, Morris and Steward (1988) 
Notes: a) Thermal efficiency was multiplied by a factor of 0.84 to account for transmission and other losses, as 
well as energy consumed for plant construction, obtained from Szargut, Morris and Steward (1988).  
 
 
5.2 Residential sector 
 
 
Residential sector exergy consumption is mostly electricity, used for electrical appliances, 
lighting, showering, among other activities, and LPG, the fuel used in cooking stoves. 
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Firewood, which is still used in Brazil, mainly in poor and rural or off-grid areas, is negligible 
for São Paulo for the period considered, 1980-2014. The LPG share was greater than 50% of 
energy use in 1980, but was overtaken by electricity and, by 2014, the latter makes for most of 
the energy consumption, about 65%. It is expected that this share should continue to increase 
in the future, as electrical appliances such as coffee brewers and cooking stoves could displace 
more traditional methods of cooking with LPG stoves. As well, air conditioner ownership is 
expected to rise with rising incomes, which should further shift the balance toward electricity.  
An overview for the Residential Sector is given by Figures 12 to 14. In Figure 12 it is 
indicated the exergy consumption in absolute terms, while Figure 13 in percentages. Figure 14 
illustrate the consumption for each user (household) and on a per capita basis. Per capita 
consumption rose about 60% on the period, meanwhile per user fell by about 23%. This last 
number is explained as the average dwelling now houses fewer people than in the past, about 
4.3 in 1980 to close to 3.0 in 2014, which also explains the overall increase in consumption. 
Apart from the shortage at the turn of the century, exergy consumption rose steadily, almost 
tripling for the period considered, and it is expected to keep rising in the future, a challenge 
when considering the necessary reduction in emission needed to curb climate change. These 
numbers should encourage research to decrease the dependence of natural non-renewable 
resources for the houses, as discussed by Filogônio (2016). 
 
Figure 12 – Residential Sector exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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Figure 13 – Residential Sector relative exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 14 – Exergy consumption per household and per capita (1980 – 2014). 
 
Source: Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into 
exergy by factors in Table 3.  
 
The exergy consumption for the year 2014 is given by Table 6. Only electricity and 
LPG were considered on further calculations, the remaining fuels not treated, due to low relative 
usage. The values were obtained from ESSSP (2015). 
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Table 6 – Residential Sector Exergy use. 
Energetic Exergy Consumption (PJ) Share (%) 
Electricity 140.5 66.2 
LPG 58.2 27.4 
Natural Gas 7.3 3.4 
Firewood 6.3 2.9 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
The Residential Sector energy use profile was taken form a survey made in 2005 and 
published by the Brazilian Energy Enterprise, Eletrobrás (2007). These values are from the 
Southeast region, which encompasses, along with São Paulo, Rio de Janeiro, Minas Gerais and 
Espírito Santo. It is desirable to refine the model with more up to date values, as well as with 
greater resolution, focusing only on São Paulo. For this investigation, though, the numbers are 
satisfactory. Table 7 indicates the values for the energy efficiency for each appliance, obtained 
from various sources, process parameters, process temperature Tp and dead state temperature 
T0 are also given. 
 
Table 7 – Residential Sector Energy use profile 
Electricity 
 Efficiencies (%) Temperature (K) 
Device Usage (%)1 𝜂a 𝜓 T0 Tp 
Fridge 27.0 60.0b 6.3 293 265 
Air Conditioning 11.0 60.0b 2.0 303d 293 
Shower 26.0 95.0 11.4 293 3333 
Iron 3.0 98.0 30.0 - - 
Lighting 19.0 30.02 28.4 - - 
Electrical Appliances 14.0 80.0 80.0 - - 
Weighted efficiency, electrical   10.6c   
LPG 
 Efficiencies (%) Temperature (K) 
Device Usage (%) 𝜂 𝜓 T0 Tp 
Cooking Stove 100 65.0 16.5 293 393 
Overall Efficiency, Residential   12.4   
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Source:  
1. Obtained from Eletrobrás (2007) 
2. Lighting was considered 60% incandescent, with 10% efficiency, and 40% fluorescent, with 60% 
efficiency, based on values from Eletrobrás (2007). 
3. Water heated at 60oC, based on Schaeffer and Wirtshafter (1992). 
 
Notes: 
a. Estimated average values obtained from INMETRO (2017) unless noted. 
b. See section 3.3.2 for discussion. 
c. This value already takes into consideration the generation exergy efficiency. 47.5%. See section 5.1. 
d. Ambient temperature considered higher than normal, as the appliance is only used on this condition.  
 
 
5.3 Commercial & Public sector 
 
 
This sector uses mainly electricity on its activities, and includes everything that is not a 
residential or industrial building, such as offices, schools, hospitals, hotels and public 
institutions. Fuel oil, diesel and firewood use practically disappeared for the period considered, 
electricity claiming an increasing share, as shown in absolute and relative terms in Figures 15 
and 16. Figure 17 splits the per user consumption by public and commercial buildings. Public 
buildings show greater specific exergy consumption than the latter, but stable for the period 
from 2001 to 2014 (data does not go further back), with a reduction of 5% per user, while 
commercial buildings increased its specific consumption by 75%. 
 
Figure 15 – Commercial & Public Sector exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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Figure 16 – Commercial & Public Sector relative exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 17 – Commercial & Public Sector exergy consumption per user (2000 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
The Commercial and Public sectors were merged, due to similarity in the energy 
consumption behavior, as shown in Table 8. As was the case with the Residential sector, only 
electricity and LPG consumption were treated, the other fuels were considered as not relevant 
ESSSP (2015). 
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Table 8 – Commercial & Public Sector Exergy use.  
Energetic 
Consumption 
Commercial 
sector (PJ) 
Share 
(%) 
Consumption 
Public sector 
(PJ) 
Share 
(%) 
Total 
Consumption 
(PJ) 
Electricity 105.4 86.7 42.0 89.0 147.4 
LPG 7.9 6.5 2.9 6.2 10.8 
Natural Gas 4.3 3.5 0.7 1.6 5.1 
Firewood 2.1 1.7 - - 2.1 
Diesel Oil 1.4 1.2 1.5 3.2 2.9 
Fuel Oil 0.4 0.4 - - 0.4 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
 The Commercial sector energy profile was obtained from the same set of surveys which 
produced the Residential Sector profile, made by Eletrobrás (2008), and the same limitations 
apply. The Public sector was considered with similar energy usage behavior, as there is not 
enough information regarding this sector.  
 
Table 9 – Commercial & Public Sector Energy use profile 
Electrical   
 Efficiencies (%) Temperature (K) 
Device Usage (%)1 𝜂a 𝜓 T0 Tp 
Air Conditioning 36.7 60.0b 2.0 303d 293 
Pumping 1.1 80.0 80.0 - - 
Elevators 7.3 80.0 80.0 - - 
Electrical Appliances 14.2 80.0 80.0 - - 
Lighting 20.5 30.02 28.3 - - 
Others 20.1 80.0 80.0 - - 
Weighted efficiency, electrical   19.4c   
LPG 
 Efficiencies (%) Temperature (K) 
Device Usage (%) 𝜂 𝜓 T0 Tp 
Cooking Stove 100 65.0 16.5 293 393 
Overall Efficiency, Commercial & Public 19.2   
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Source:  
1. Obtained from Eletrobrás (2008) 
2. Lighting was considered 60% incandescent, with 10% efficiency, and 40% fluorescent, with 60% 
efficiency, based on values from Eletrobrás (2007). 
 
Notes: 
a. Estimated average values obtained from INMETRO (2017) unless noted. 
b. See section 3.3.2 for discussion. 
c. This value already takes into consideration the generation exergy efficiency. 47.5%. See section 5.1. 
d. Ambient temperature considered higher than normal, as the appliance is only used on this condition.  
 
 
5.4 Transportation sector 
 
 
Transportation sector in São Paulo (and in Brazil as well) is dominated by the highway 
mode, as Figures 18 and 19 and Table 10 clarify. Probably not the best strategy in a country 
with continental dimensions, but here is not the appropriate place for such discussion. 
Waterways made almost 10% of consumption in 1980, but is now negligible, as was always the 
case for Railway transport. Airways fuel consumption rose from about 5% to around 11% for 
the period. Any consideration about energy savings is São Paulo, thus, must deal with the 
inefficient and expensive road transportation. As road transport dominates consumption, it is 
only natural that diesel, gasoline and ethanol are the most utilized fuels. Passenger cars in Brazil 
are not allowed to run on diesel, only larger vehicles such as light duty vehicles, trucks and 
buses, so the consumption of this fuel refers this kind of automobile. In 2003 the production of 
flex-fuel cars4 began, and Figures 20 and 21 indicates the immediate effect it had on ethanol 
consumption. Flex-fuel cars are almost standard now, vehicles running only on ethanol are not 
in production anymore, those exclusive on gasoline are mainly imported vehicles. The other 
major fuel is kerosene, used on airplanes. 
 
Table 10 – Transportation Sector exergy consumption by mode in 2014. 
Mode Exergy Consumption (PJ) Share (%) 
Highways 792.1 86.9 
Airways 103.3 11.3 
Railways 14.2 1.6 
Waterways 2.2 0.2 
                                                          
4 Those able to run indifferently on ethanol, gasoline or a mixture of both. 
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Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 18 – Transportation Sector exergy consumption by mode (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 19 – Transportation Sector relative exergy consumption by mode (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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Figure 20 – Transportation Sector exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 21 – Transportation Sector relative exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3 
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5.4.1 Highways 
 
 
Highway consumption makes up for most of the energy use in the Transportation sector, 
accounting for 86.9%, according to Table 10. Brazil has a passenger car fleet with flex-fuel 
engines, meaning they can run both on gasoline E225 (22% volume anhydrous ethanol) and 
hydrated ethanol, as well as dedicated gasoline vehicles.  Flex-fuel car registration overtook 
dedicated gasoline cars in 2006, according to ANFAVEA (2015). Dedicated ethanol vehicle 
registration is negligible, so ethanol efficiency refers only to flex-fuel vehicles. User choice 
between these fuels for the flex-fuel car owner is subject to economic factors such as the price 
of each fuel, which are influenced by subsidies and other public policies, as well as sugar-cane 
crop seasonality, among other factors. The investigation of these factors is out of the scope of 
the present analysis. 
The definition of exergy efficiency for a vehicle is obtained from Flórez-Orrego (2014), 
where the reader can find a thorough analysis of the forces a vehicle must overcome in order to 
move. Briefly, energy (𝜂) and exergy (𝜑) efficiencies would be the ratio between the work 
produced to move the vehicle (W), which is the sum of Kinect, Drag and Rolling energies and 
the energy (Ef) and exergy (Bf) expended on the process, according to Equations 19 and 20 
below: 
𝜂 =
𝑊
𝐸𝑓
=
1
2 . 𝑚𝑣. ?̅?𝑣,𝑥
2 +
1
2 . 𝜌𝑎𝑖𝑟 . 𝐴. 𝐶𝑑 . ?̅?𝑣,𝑥
2. ∆𝑥 + 𝐶𝑟𝑟 . 𝑚𝑣. 𝑔. ∆𝑥
𝑚𝑓 . 𝐿𝐻𝑉𝑓
 (19) 
 
𝜓 =
𝑊
𝐵𝑓
=
1
2 . 𝑚𝑣. ?̅?𝑣,𝑥
2 +
1
2 . 𝜌𝑎𝑖𝑟 . 𝐴. 𝐶𝑑. ?̅?𝑣,𝑥
2. ∆𝑥 + 𝐶𝑟𝑟 . 𝑚𝑣. 𝑔. ∆𝑥
𝑚𝑓 . 𝑏𝑓
 (20) 
 
Where each parameter is as follows on Table 11, adapted from Flórez-Orrego (2014). 
 
 
 
 
 
                                                          
5 As of 2017, E27 
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Table 11 – Vehicle efficiency parameters summary. 
Energy Formula Parameter Definition 
Kinetic 
1
2
. 𝑚𝑣. ?̅?𝑣,𝑥
2 
𝑚𝑣 Vehicle mass (𝑘𝑔) 
?̅?𝑣,𝑥 Average velocity (𝑚 𝑠⁄ ) 
Drag 
1
2
. 𝜌𝑎𝑖𝑟 . 𝐴. 𝐶𝑑 . ?̅?𝑣,𝑥
2. ∆𝑥 
𝜌𝑎𝑖𝑟 Air density (𝑘𝑔 𝑚
3⁄ ) 
𝐴 Vehicle Frontal area (𝑚2) 
𝐶𝑑 Drag coefficient 
∆𝑥 Distance travelled (𝑘𝑚) 
Rolling 𝐶𝑟𝑟 . 𝑚𝑣. 𝑔. ∆𝑥 
𝐶𝑟𝑟 Rolling coefficient 
𝑔 Gravitational acceleration (𝑚 𝑠2⁄ ) 
Source: Flórez-Orrego (2014) 
 
The fuel mass (mf) consumed during the cycle is defined by fuel specific mass (𝜌𝑓 , 𝑘𝑔 𝐿⁄ ), 
distance travelled (∆𝑥, 𝑘𝑚) and autonomy (C, km/L ), obtained from Flórez-Orrego (2014), 
according to Equation 21: 
 
𝑚𝑓 =
𝜌𝑓 . ∆𝑥
𝐶
 (21) 
 
Table 12 gathers the data used, as well as the efficiencies, adapted from Flórez-Orrego 
(2014). 
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Table 12 – Transport Energy and Exergy Efficiency Parameters. 
 Passenger Vehicle Light Duty Vehicle 
Parameters 
Gasoline 
(E22) 
Gasoline 
(Flex) 
Ethanol 
(Flex) 
Diesel 
(B05) 
Gasoline 
(E22) 
Gasoline 
(Flex) 
Ethanol 
(Flex) 
𝜌𝑎𝑖𝑟(𝑘𝑔 𝑚
3⁄ )  1.18 1.18 1.18 1.18 1.18 1.18 1.18 
?̅?𝑣,𝑥  (𝑚 𝑠⁄ ) 9.48 9.48 9.48 9.48 9.48 9.48 9.48 
∆𝑥 (𝑘𝑚) 17.77 17.77 17.77 17.77 17.77 17.77 17.77 
𝑚𝑣 (𝑘𝑔) 1,300 1,300 1,300 3,200 3,200 3,200 3,200 
HHV (MJ/kg) 38.92 38.92 24.80 42.06 38.92 38.92 24.80 
𝐶 (𝑘𝑚 𝐿⁄ ) 10.71 11.96 8.24 10.20 9.94 9.08 6.34 
𝜌𝑓 (𝑘𝑔 𝐿⁄ ) 0.75 0.75 0.81 0.85 0.75 0.75 0.81 
𝐶𝑑 0.35 0.35 0.35 0.41 0.41 0.41 0.41 
𝐴 (𝑚2) 2.70 2.70 2.70 3.30 3.30 3.30 3.30 
𝐶𝑟𝑟 0.0105 0.0105 0.0105 0.0105 0.0105 0.0105 0.0105 
Ed (J) 889,988 889,988 889,988 1,274,237 1,274,237 1,274,237 1,274,237 
Ec (J) 58,388 58,388 58,388 143,725 143,725 143,725 143,725 
Err (J) 2,377,093 2,377,093 2,377,093 5,851,306 5,851,306 5,851,306 5,851,306 
Ef (J) 48,104,090 43,096,973 43,297,491 62,430,400 51,835,841 56,745,403 56,303,432 
Exf (J) 51,303,012 45,962,922 44,665,692 66,582,022 55,282,924 60,518,972 58,082,621 
𝜂 6.9% 7.7% 7.7% 11.6% 14.0% 12.8% 12.9% 
𝜑 6.5% 7.2% 7.4% 10.9% 13.1% 12.0% 12.5% 
Source: Flórez-Orrego (2014). Values for fuel autonomy C were obtained from CETESB (2014) and will be 
defined below in Table 13. 
 
Autonomy values for the years 2006-2014 were obtained from CETESB (2014), as 
shown on Table 13. 
 
Table 13 – Autonomy 2006-2014 
Passenger Vehicle 2006 2007 2008 2009 2010 2011 2012 2013 2014 Average 
Gasoline (E22) 11.3 11.3 9.6 9.9 10.8 11.1 11.1 10.2 11.1 10.7 
Gasoline (Flex) 11.7 11.7 11.4 11.5 11.9 12.2 12.1 12.5 12.6 12.0 
Ethanol (Flex) 7.8 7.8 7.7 7.8 8.2 8.6 8.5 8.6 9.2 8.2 
Light Duty Vehicle  
Gasoline (E22) N/A N/A N/A N/A 9.5 9.9 10.0 9.7 10.6 9.9 
Gasoline (Flex) N/A N/A N/A N/A 9.7 8.6 9.1 9.1 8.9 9.1 
Ethanol (Flex) N/A N/A N/A N/A 6.8 6.2 6.2 6.4 6.1 6.3 
Diesel (B05) N/A N/A N/A N/A 9.9 9.8 10.5 10.4 10.4 10.2 
Source: Own preparation based on values obtained from CETESB (2014). 
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Passenger Vehicle gasoline exergy efficiency is a weighted average between dedicated 
gasoline exergy efficiency and flex-fuel car running on gasoline, with the weight being the 
estimated fleet of such vehicles for the year 2014, as shown in Table 14. 
 
𝜑𝑔,𝑝𝑣 =  
3,642,310
3,642,310 + 6,098,623
. 6.5% .
6,098,623
3,642,310 + 6,098,623
. 7.2% = 7.0% 
 
Analogous, for Light Duty Vehicle gasoline exergy efficiency is: 
 
𝜑𝑔,𝑙𝑑𝑣 =  
664,224
664,224 + 909,887
. 13.1% .
909,887
664,224 + 909,887
. 12.0% = 12.5% 
 
Thus, Gasoline overall efficiency is the weighted average between both efficiencies 
and respective fleet: 
 
𝜑𝑔,𝑜 =
3,642,310 . 7.0 + 664,224 . 12.5
3,642,310 + 664,224
= 7.8% 
 
Table 14 – Fleet evolution, 2006-2014. 
Category Fuel 2006 2007 2008 2009 2010 2011 2012 2013 2014 
Passenger 
Gas. C 5,518,711 5,335,402 5,116,682 4,877,231 4,633,644 4,410,832 4,162,149 3,902,442 3,642,310 
Ethanol 747,588 679,643 616,178 557,205 502,650 452,378 406,215 363,966 325,418 
Flex 766,029 1,344,993 2,009,623 2,737,409 3,482,390 4,165,658 4,878,146 5,550,113 6,098,623 
Light-duty 
Gas. C 639,972 629,716 628,741 629,882 645,380 672,604 684,296 674,735 664,224 
Ethanol 79,008 71,299 64,143 57,537 51,469 45,922 40,873 36,295 32,161 
Flex 92,440 159,824 242,606 330,079 432,270 546,423 664,066 794,105 909,887 
Diesel 206,282 215,543 233,388 251,461 279,991 314,478 343,766 375,866 401,813 
Truck 
S. light 
Diesel 
44,557 44,612 44,801 44,138 43,694 43,339 42,355 41,082 39,361 
Light 106,720 107,513 109,060 109,865 112,968 116,770 118,449 119,264 119,406 
Medium 76,639 76,060 75,669 74,830 74,747 74,585 73,475 72,416 71,270 
S. heavy 53,088 58,878 66,853 72,899 82,812 93,866 100,998 107,729 113,618 
Heavy 52,409 57,909 66,305 71,480 81,914 91,927 100,089 110,737 118,158 
Bus 
Urban 
Diesel 
46,534 48,838 51,700 52,893 55,420 59,155 61,719 63,442 65,357 
Microbus 8,728 9,503 10,286 10,729 11,492 12,471 13,248 13,855 14,375 
Highway 26,651 27,232 27,844 27,463 27,676 28,260 28,449 28,666 29,333 
Motorcycle 
Gas. C 1,495,843 1,773,579 2,023,713 2,147,415 2,167,487 2,228,524 2,237,933 2,215,367 2,160,266 
Flex N/A N/A N/A N/A 140,549 270,673 372,863 386,266 466,115 
Total 9,961,200 10,640,542 11,387,592 12,052,516 12,826,553 13,627,865 14,329,090 14,856,346 15,271,694 
Source: CETESB (2014). 
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5.4.2 Airways 
 
 
Airways is the second mode in fuel consumption, even though in much smaller relative 
and absolute figures than road transport. Exergy efficiency analysis of a typical commercial 
flight was made extensively elsewhere, by Oliveira Jr. (2013)  and Tona et al. (2010). Figure 
22 gives the flight profile used to calculate the exergy efficiency, modelled as a typical 
commercial flight, while Table 15 the exergy efficiency associated with each flight phase. 
 
Figure 22 – Flight Mission profile 
 
Source: Tona et al. (2010).  
 
Table 15 – Flight profile and exergy efficiency.  
Phase Time (min) Exergy efficiency (%) 
Take off 1 10.1 
Climb 12 20.7 
Climb 4 24.1 
Cruise 34 26.5 
Descent 4 20.4 
Descent 11 13.9 
Holding 10 16.3 
Landing 0.5 5.9 
Weighted Efficiency  21.6 
Source: Tona et al. (2010). 
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Table 16 summarizes exergy efficiencies by fuel, with its respective consumption used to 
weigh the overall efficiency for the Transportation Sector.  
 
Table 16 – Transportation Sector consumption by fuel and its efficiency. 
Fuel Consumption (PJ) 1 Share (%) Efficiency (%) 
Diesel 373.7 39.4 10.9 
Gasoline (E22) 262.6 27.7 7.8 
Kerosene 103.3 10.9 21.6 2 
Hydrous Ethanol 151.1 15.9 8.1 
Anhydrous Ethanol 56.9 6.0 7.8 a 
Overall Efficiency, Transportation 10.6 
Source:  
1. Energy consumption obtained from ESSSP (2015) and converted into exergy by factors in Table 3 
2. Tona et al. (2010). 
Note:  
a. since anhydrous ethanol is added to gasoline, efficiencies were considered the same 
 
 
5.5 Rural Sector 
 
 
The Residential and the Commercial & Public sectors benefited from specific surveys, 
which was not the case for the Rural sector, and for this some assumptions were necessary to 
be made. First, energy use profile was obtained from the Brazilian Useful Energy Balance by 
MME (1995), which covered the whole country, so some specificity is lost. As well, the only 
information provided was relative energy consumption by fuel on a process basis, but nothing 
further than that. A detailed analysis of a single process of the Rural sector, a poultry farm, can 
be found on the research by Migliavacca (2017). Thus, it was necessary to assume the end-uses 
for each fuel, as the Table 17 shows the breakdown. 
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Table 17 – Relative energy consumption by fuel (in %). 
Fuel Mechanical Drive Process Heat Direct Heat Lighting Others 
Electricity 95.1 0.2 0.8 3.7 0.2 
Diesel 99.0 0.4 0.6 0.0 0.0 
Firewood 0.0 44.6 55.4 0.0 0.0 
Others 2.3 65.5 32.3 0.0 0.0 
Total 74.3 11.0 13.6 1.1 0.1 
Source: de Oliveira (2001), apud MME (1995) 
 
Diesel oil and electricity combined for 98.4% of total exergy consumption in 2014, and 
thus are the only fuels analysed, LPG and firewood being discarded. This relative consumption 
remained constant throughout the period 1980-2014, with Diesel being always the primary 
energetic, followed by electricity, as shown on Figures 23 and 24, even though the latter started 
to claim a larger share recently. Exergy consumption, with the respective efficiencies, are given 
in Table 18 
 
Figure 23 – Rural Sector exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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Figure 24 – Rural Sector relative exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Diesel oil exergy consumption was treated as being totally for tractor movement, and 
electricity used for electrical motor pump, centrifugal pump and deep-well turbine pump, 
following Dincer et al. (2005) and Utlu and Hepbasli (2006a). For the case of tractors, for the 
lack of more appropriate data, exergy efficiency was taken as being analogous as that of diesel-
fueled vehicles on the Transportation sector, 9.7%. For electricity, a 70% exergy efficiency was 
obtained from Dincer et al. (2005). 
 
Table 18 – Rural Sector exergy efficiency 
Fuel Exergy Consumption (PJ)1 Exergy Efficiency (%) 
Diesel Oil 20.8 9.7a 
LPG 0.1 - 
Electricity 11.9 70.02 
Firewood 0.4 - 
Total 33.2 31.7 
Source: 
1. Own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
2. Dincer et al. (2005). 
Note: 
a. Considered the same efficiency as Diesel from the transportation sector. 
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5.6 Energetic Sector 
 
 
Energy consumption for the Energetic sector refers to consumption by the transformation 
centers and extraction and internal transportation of energetic products, according to the ESSSP 
(2015). Thus, for an oil refinery, this consumption refers to the electricity needed to run the 
facilities which refine crude oil, but not the energy content of crude oil used to produce gasoline, 
diesel and other fuels. 
Exergy consumption for 2014 is as shown on Table 19. Two fuels dominate consumption, 
Sugar Cane Bagasse and Refinery Gas for the period 1980-2014, though the relative importance 
of Refinery Gas increased constantly, while fuel oil use practically disappeared, as shown in 
Figures 25 and 26. As will be further discussed when dealing with the Industrial sector, sugar 
cane and its by-products, hydrous and anhydrous ethanol, and sugar, are important commodities 
in São Paulo and require another level of treatment. This process will be modelled separately, 
an industrial process on its own, and named Sugar & Alcohol plant. Exergy consumption for 
this idealized plant, which produces both ethanol and sugar, will be a share of exergy 
consumption of the Food & Beverage industrial subsector, as well as that of sugar cane bagasse 
on the Energetic Sector. The same reasoning applies for the Refinery Gas consumption on the 
Energetic sector. It is assumed that this fuel is totally consumed within an Oil Refinery, and 
thus another subsector is created within the Industrial sector. For diesel oil and electricity, with 
much lower, but not negligible consumption, it will be modelled as though half of each is 
consumed at each process, Sugar & Alcohol plant and Oil Refining, for the unavailability of 
proper data, thus for completion purposes only. 
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Figure 25 – Energetic Sector exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 26 – Energetic Sector relative exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
This sector will then be further split into two and merged with the Industrial sector on the 
remaining of this text, with fuel allocation according to the last column of Table 19.  
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Table 19 – Energetic Sector exergy consumption and model allocation. 
Energetic Exergy Consumption (PJ) Allocation 
Sugar Cane Bagasse 65.1 Sugar & Alcohol Plant 
Diesel Oil 10.7 50/50 
Fuel Oil 0.1 - 
LPG 0.5 - 
Gas Coke 0.1 - 
Electricity 10.8 50/50 
Refinery Gas 46.8 Oil Refining 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
 
5.7 Industrial sector 
 
 
The industrial sector of a society is usually very complex, requiring extensive research of 
its inefficiencies. For this reason, this work offers only a first approach towards the efficiencies. 
Food and Beverages is the industrial sector with the higher energy consumption, with 
almost half of total share. Other sectors divided evenly the consumption, with none standing 
out, as Figures 27 and 28 illustrate. As discussed in section 5.6, the Oil Refining and Sugar 
Cane & Alcohol were treated as industrial processes. On a per-fuel basis, sugar cane bagasse is 
by far the most used fuel, followed by electricity. Natural gas, used mainly to provide heat on 
steam generation, saw its use improve from non-existent to third most use, as demonstrated in 
Figures 29 and 30. 
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Figure 27 – Industrial Sector Exergy consumption by process (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 28 – Industrial Sector Exergy relative exergy consumption by process (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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Figure 29 – Industrial Sector Exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
 
Figure 30 – Industrial Sector Exergy relative exergy consumption by fuel (1980 – 2014). 
 
Source: own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy 
by factors in Table 3. 
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 Figure 31 indicates the flowchart to produce the industrial sector exergy efficiency. It 
follows the same pattern as the one for the society on a macroscale, starting from energy 
consumption data obtained from official statistics, which was converted to exergy by the 
appropriate factors. For each industrial activity, an energy consumption behavior was obtained 
from the literature, and deemed representative of the whole activity.  
With energy and exergy consumption values on hand, it was a matter of finding the 
suitable energy conversion efficiencies for each process and fuel, and then proceed to calculate 
the weighted mean for each activity. Table 20 provides the values used for exergy efficiencies, 
obtained from Schaeffer and Wirtshafter (1992). Cooling exergy efficiency was taken as 60%, 
while lighting 24.5%. 
 
Table 20 – Exergy efficiency of industrial processes  
Energetic Mechanical Drive a Process Heat b Direct Heat c 
Electricity 80% 35% 71% 
Fuel 80% 33% 29% 
Source: Schaeffer and Wirtshafter (1992). 
Notes: 
a) 50% small motors with 70% efficiency and 50% large motors with 90% efficiency 
b) Steam with average temperature of 200o C 
c) Average temperature of 800o C from the range of 400o C to 1200o C. 
 
Figure 31 – Industrial Sector method flowchart 
 
Source: Own preparation 
72 
 
Data from each industrial activity, exergy and useful exergy consumption and exergy 
efficiencies are gathered on the Appendix B for better flowing of the text. Table 21 summarizes 
the data.  
 
Table 21 – Industry Summary 
Activity 
Exergy 
Consumption (PJ) 1 
Useful Exergy 
Consumption (PJ) 2 
Exergy 
Efficiency (%) 2 
Cement 30.2 12.6 41.8 
Pig-Iron and Steel 83.2 32.1 38.6 
Ferro Alloys 3.7 2.5 69.0 
Mining and Pelletization 6.4 4.6 72.5 
Non-Ferrous-Other Metal 60.8 28.7 47.3 
Chemical 71.1 36.7 51.6 
Foods and Beverages 70.6 40.7 57.7 
Textiles 17.6 10.7 60.7 
Paper and Pulp 102.1 45.0 44.1 
Ceramics 40.0 16.3 40.6 
Others 126.5 67.6 53.5 
Refinery 57.6 6.7 11.7 3 
Sugar & Alcohol 578.7 263.9 45.6 4 
Source: 
1. Own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy by 
factors in Table 3. 
2. See Appendix B for useful exergy consumption and efficiency calculations 
3. Exergy efficiency obtained from da Silva (2013) with refining considered as a separation process. 
4. Obtained from Pellegrini (2009) 
 
𝜓 =
568.3 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
1248.7 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 45.5% 
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5.8 Sectorial and overall exergy efficiency 
 
 
Table 22 summarizes the sectorial exergy efficiencies for the São Paulo State for the year 
2014, along with the energy consumption of the selected fuels, processes and activities treated 
on this work.  
 
Table 22 – Sectorial and Overall exergy efficiencies – São Paulo 2014. 
Sector Exergy Consumption (PJ) Exergy Efficiency (%) 
Industrial 1248.7 45.5 
Transportation 947.6 10.6 
Residential 198.7 12.4 
Commercial & Public 168.8 19.2 
Rural 32.7 31.7 
Overall Efficiency, São Paulo  28.3 
  
The overall exergy efficiency obtained, 28.3%, is consistent with the range found on the 
literature, 10% to 30%, according to the reviews of Ertesvåg (2001) and Utlu and Hepbasli 
(2007), and slightly higher than that found for Brazil by Schaeffer and Wirtshafter (1992) for 
the base year 1987, 22.4%. It would be difficult, though, to ascertain that efficiency indeed rose 
by 5% for the period, as errors and imprecisions inherent to this kind of work makes the 
comparison complicated. What can be said with more confidence is that, when comparing 
sectors, the Industrial is the most efficient, at 45.5%, followed by the Rural, 31.7%, while the 
Commercial & Public, Residential and Transportation sectors cannot use efficiently more than 
one fifth of the available exergy. Further discussion and analysis of these numbers will be made 
on the following chapters, omitted here for conciseness. 
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6 DISCUSSION OF THE SOCIETY EXERGY BEHAVIOR  
 
 
The preceding chapter calculated exergy efficiency indexes for each sector of the São 
Paulo state, for the base year 2014. Upon first inspection, either the Residential, the Commercial 
& Public or the Transportation sectors would be good candidates for further exploration, as 
their efficiencies are low, 11.9%, 19.1% and 10.2% respectively. The Rural sector does not 
consume exergy on a sufficiently large scale to justify further analysis, taking only 1.2% of 
total exergy consumption. From an exergy consumption standpoint, the Industrial sector would 
be the obvious candidate, using 51.3% of total exergy. But this sector has enough complexity 
that each individual process should receive dedicated research, and it would be out of the scope 
of this work. As well, by the means of economic pressure to increase efficiency, to lower costs 
or improve competitivity, improvements are already sought, which is not necessarily true for 
other sectors. On the Residential, and, by some measure, the Commercial & Public, comfort 
plays its role, and decisions regarding energy use are not made entirely with an economic 
rationale, as discussed by Ramos et al. (2015). Air conditioner or shower temperature are not 
set with exergy efficiency in mind. Another case in point, improvements in vehicle efficiency 
were translated into bigger, more comfortable cars, which responded to market demand for this 
kind of vehicle, according to Knittel (2011). If fuel economy was the only concern, cars would 
be lighter, with less acceleration power, but more absolute fuel efficient.  
One point should be clarified before proceeding with the analysis, regarding the accuracy 
of such efficiency numbers. While the closest representation of reality was pursued throughout 
this research, the only model accurate enough to represent reality is reality itself, according to 
Jørgensen & Svirezhev (2004). A model is always an idealization with its own hypotheses and 
conclusions. As such, the numbers should not mean that the Residential Sector is 1.7% more 
efficient than the Transportation Sector, but only that both takes usefully only about one unit of 
exergy out of every ten. Margin of error alone could skew the numbers to the opposite 
conclusion, in which the Transportation sector would be more efficient, if the model was built 
on different assumptions made by different authors. In fact, a great proportion of time dedicated 
to this research was to judge assumptions that would closer represent reality for São Paulo state. 
Thus, from a public policy standpoint, it is expected that such numbers should be used as 
a guide, one of the many indexes a policy-maker could or should use when deciding where and 
how to intervene. Exergy efficiency alone could not provide enough information about the 
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behaviors of such a complex organism as a society, and it was not the intention of this 
dissertation to imply otherwise. Nevertheless, exergy analysis uncovers some information 
usually not present when dealing solely with energy and the First Law of Thermodynamics, as 
regional and energy balances do. 
An inspection of the Residential sector immediately reveals that an electrical shower is 
highly efficient (95% First Law efficiency) in converting high quality electrical energy into low 
grade, measured by its capacity to perform useful work, heated water at 60oC. In this 
conversion, a great quantity of potential to perform useful work is lost and cannot be retrieved 
without more energy (or exergy) expenditure. Policy-makers could be interested in preventing 
such wastage in the first place, and not on trying to force improvements on shower equipment 
efficiency, which, as shown, is already very high. The complexity of the matter greatly 
exacerbated as such policy pursuing improved efficiency by mandated standards could backfire, 
increasing demand by making an appliance use less energy, thus making it cheaper to use on 
the long run, as discussed by Khazzoom (1980). 
From an exergy efficiency standpoint, thus, policy-maker attention should be focused on 
processes that, even though utilizes energy of a high (sometimes very high) efficiency, their 
exergy counterpart is low, for such processes usually involve heating or cooling matter (water, 
air) to temperatures close to environmental, and Carnot Factor dictates that the exergy efficiency 
will be low, regardless of how well energy conversions are performed. As such, air conditioner, 
present in both the Residential and specially in the Commercial & Public sector, and electrical 
shower, omnipresent in the Residential Sector in the southeast, according to Eletrobrás (2007), 
stand out. 
As discussed by Khazzoom (1980), appliance saturation, the penetration of such device 
on each office or household, is an important factor when considering the outcomes of improved 
appliance efficiency standards. When saturation is high, there is a great probability that such 
improvement translates into lower aggregate consumption. On the other hand, when saturation 
is low, more efficient appliances, being achieved by mandated policies or otherwise, lowers its 
long-run costs, for now it utilizes less energy than before. As this cost lowers, demand rises, 
and aggregate consumption can potentially be greater than before, the very definition of 
rebound effect. Air conditioner saturation in offices on Commercial & Public sector is about 
77% according to Eletrobrás (2005), while on the Residential sector only 10.5% of household 
had one in 2005, according to Eletrobrás (2007). 
Lighting is considered totally saturated, meaning a new, more efficient technology, such 
as that based on Light Emitting Diode (LED), would not incentivize more lamps being installed 
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on a household or office, but only that such lamps would replace less efficient ones 
(incandescent, fluorescent).  
Exergy efficiency has its limitations when dealing with renewables. Is it better to 
provide an end-use with high quality non-renewable electricity or with lower efficiency solar 
panels? In other words, changing shower energy supply away from the grid to one provided by 
solar power (either photovoltaic or thermal collectors) would penalize the overall exergy 
efficiency of the sector, but would be improving the renewability of the system, as well as its 
carbon footprint. A discussion of a proposed renewability index can be seen in Oliveira Jr 
(2013). 
Carbon footprint could be the metric used when exergy efficiency is not adequate. For 
the Transportation Sector, true exergy efficiency of internal combustion engines cannot be 
improved by much, according to Ayres (2003), but there are a host of other options to lower or 
at least offset consumption on an increasing fleet. Driving habits alone, such as eco-driving, 
can decrease consumption by up to 20% and about 5-10% on average, according to Moriarty & 
Honnery (2012), without requiring a single dollar spent on a laboratory running complicated 
tests on combustion. Shifting away from personal vehicles towards public transportation would 
change little regarding overall exergy efficiency, as flex-fuel based cars and diesel buses, for 
example, have similar parameters (7.8%, 8.1% and 10.9% respectively for gasoline, ethanol 
and diesel), but public transportation has a higher passenger loading, thus lower specific 
consumption on a passenger-km/MJ basis, which results in lower overall fuel use, thus carbon 
dioxide and other GHG emissions. Personal vehicles running on ethanol and not on gasoline 
could represent another measure to lower the carbon footprint of this sector.  
Electrification of the fleet is an interesting proposition, as the car itself has a very low 
emission factor while running, according to Flórez-Orrego (2014), though emissions from 
battery manufacturing must be accounted for, as well as those that comes from the Utility sector. 
As will be shown, total emission depends largely on the assumptions made regarding from 
where this newly generated electricity would come from, the base of the system, where 
hydroelectricity, with low emission factor, is the majority, or from the peak, where thermal 
power plants, fueled either by natural gas or steam coal or fuel oil, are proportionally more 
important. This only means that charging habits and infrastructure would play a major role on 
the “greenness” of this supposedly sustainable technology. This, incidentally, could be said 
about shower habits and what would be the result if timing shifted from immediately before 
and after work to a more evenly distributed during the day. Or firms introducing a day of the 
week where work could be made from home. Again, these are only some of the examples and 
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speculations about the complexity of the matter when dealing with energy use on a society 
scale, not to mention the problem of long term energy forecasts in general, as discussed by Smil 
(2000), with numerous examples.  
This dissertation began writing about energy usage and climate change, with special 
attention to GHG emissions and its correlation with the increase in average temperature from 
pre-industrial levels. Exergy efficiency was the proposed method of diagnosing energy use from 
the standpoint of a society, São Paulo state in 2014. Some general trends in energy use were 
discussed, and where exergy efficiency can be used as one of the tools for decision making. 
The analysis from now on will ultimately try to answer two questions, if possible: one being 
the effect of some proposed measures on sectoral and overall exergy efficiency, the other being 
the avoided emission brought by expected energy savings, when exergy efficiency alone could 
not be used as the most appropriate method of comparing scenarios.   
Thus, it is necessary to estimate GHG emissions from the Utility sector before 
proceeding with discussions about individual measures, as all of them will be tested on the base 
of energy savings and then avoided emissions. Therefore, the control volume used to study 
electric vehicles viability must be one large enough to contain the Utility sector. 
 
 
6.1 Emission factors from the Utility sector 
 
 
Overall emission factor from the utility sector follows the same method as that used to 
calculate exergy efficiency in Chapter 5. Electricity generation in Brazil is integrated, meaning 
São Paulo used some electricity generated on the state, some from the Brazilian grid. Tables 23 
and 24 summarize the data used for the calculations. Emission factor were those calculated by 
Flórez-Orrego (2014) and energy production obtained from the ESSSP (2015) for São Paulo 
and the Brazilian Energy Balance EPE (2015) for Brazil.  
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Table 23 – Emission Factors from the Utility sector for São Paulo state. 
Type of generation Production1 (PJ) Fraction (%) Emission Factor2 (gCO2eq/kWh) 
Hydropower 196.4 85.0 4.3 
Natural Gas 31.3 13.6 484.1 
Fuel Oil 3.3 1.4 725.7 
Emission factor, São Paulo 79.6 
Source: 
1. own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy by 
factors in Table 3. 
2. Obtained from Flórez-Orrego (2014) 
 
Table 24 – Emission Factor from the Utility sector for Brazil, São Paulo excluded 
Type of generation Production1 (PJ) Fraction (%) Emission Factor2 (gCO2eq/kWh) 
Hydropower 1,148.1 60.6 4.3 
Biomass (sugar cane) 116.3 6.1 96.8 
Wind Power 44.0 2.3 3.0 
Other Renewables 50.0 2.6 - 
Natural Gas 260.6 13.8 484.1 
Coal 66.2 3.5 892.3 
Oil by-products 110.7 5.8 725.7 
Nuclear Power 55.4 2.9 27.5 
Other non-renewables 43.7 2.3 - 
Emission factor, Brazil 149.6 
Emission factor, Utility 106.7 
Source: 
1. Own preparation based on energy consumption obtained from EPE (2015) and converted into exergy by 
factors in Table 3. 
2. Obtained from Flórez-Orrego (2014) 
 
 
6.2 Lighting on the Commercial & Public and Residential Sectors 
 
 
As discussed in the beginning of this chapter, lighting is considered totally saturated, 
meaning that gains in efficiency would be translated entirely in a reduction in energy 
consumption for both sectors, so no rebound effect should be expected. The service provided 
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by electrical lamps would remain constant, only now requiring less energy due to improved 
technology.  
For the Residential Sector, according to Table 7 and Eletrobrás (2007), lighting 
represented 19.0% of exergy consumption, whereas for the Commercial & Public 20.5%, 
according to Eletrobrás (2008), as shown in Table 9. As well, the same survey data estimates 
that the average number of lamps owned per dwelling for the Residential sector is 5.36 
incandescent and 3.35 fluorescent. For simplicity, each type will be represented by an average 
power of 50 W and 12 W, respectively. Survey data is from the base year 2005, so it is probable 
that market penetration of more efficient lights improved, but as there is yet no data about such 
changes, this is the most up to date survey available.  
Thus, the average power of electrical lighting is a simple weighted average for both 
technologies and average ownership, resulting in 34.8 W. It was considered that LED lamps of 
6 W would be an adequate substitute, thus resulting in a reduction of 82.7%6 in energy 
consumption. Table 25 clarifies the effect on lighting exergy consumption and share of overall 
energy consumption for the Residential and Commercial & Public sectors, comparing baseline 
with LED replacement scenario. 
 
Table 25 – Baseline and LED scenario exergy consumption and share 
Sector Baseline 
share (%) 
Baseline 
Consumption (PJ) 
LED Consumption 
(PJ) 
LED share 
(%) 
Residential 19.0 26.7 4.6 3.9 
Commercial & 
Public 
20.5 30.2 5.3 4.2 
Source: Own preparation. 
 
Considering LED lights to be 90% energy and 86% exergy efficient (see section 3.3), all 
else remaining equal, new sectoral efficiencies would be 23.5% electrical and 21.1% overall 
for the Residential and 45.7% electrical and 43.3% overall for the Commercial & Public 
Sectors, as shown in Table 26. 
                                                          
6 (34.8 – 6.0)/34.8 = 82.7% 
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Table 26 – Baseline and LED scenario impact on sectoral exergy efficiencies 
Sector Baseline 
electrical exergy 
efficiency (%) 
Baseline 
Overall 
Efficiency (%) 
LED scenario 
electrical exergy 
efficiency (%) 
LED scenario 
Overall Exergy 
Efficiency (%) 
Residential 10.6 12.4 23.5 21.1 
Commercial 
& Public 
19.4 19.2 45.7 43.3 
Source: Own preparation. 
 
Table 27 shows the overall effect total lighting shift to LED lamps would produce in the 
exergy efficiency for the year 2014 in São Paulo, as well as the total reduction in exergy 
consumption. Exergy efficiency is greatly improved in both sectors, and exergy consumption 
dropped 16.7% and 21.1% respectively, but overall exergy efficiency did not improve more 
than 2% overall, as the Industrial and Transportation sectors consume a much larger share of 
total exergy.  
 
Table 27 – LED substitution impact on overall exergy efficiency 
Sector 
Base Exergy 
Consumption 
(PJ) 
Base Exergy 
Efficiency 
(%) 
LED scenario 
Exergy 
Consumption (PJ) 
LED scenario 
Exergy 
Efficiency (%) 
Industrial a 1248.7 45.5 1248.7 45.5 
Transportation a 947.6 10.6 947.6 10.6 
Residential 198.7 12.4 176.6 21.1 
Commercial & 
Public 
168.8 19.2 132.2 43.3 
Rural a 32.7 31.7 32.7 31.7 
Overall 
Efficiency 
 28.3  30.5 
Source: Own preparation 
Note: 
a. Exergy consumption and efficiencies the same, as LED substitution refers only to the Residential and 
Commercial & Public sectors. 
 
One of the purposes of shifting to a more efficient technology is to reduce energy 
consumption for that appliance, and thus GHG emissions related to electricity production. 
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Emission factors can vary greatly between base and peak generation during the day, depending 
on the technology used to produce electricity. As well, emission factors can be as low as 3.0 
gCO2eq/kWh for wind power to 892.3 gCO2eq/kWh by thermal power using coal (see Table 
24). For this reason, some hypotheses were tested regarding the avoided emissions for different 
electricity production technologies. Table 28 lists some possible values for avoided emissions. 
 
Table 28 – Avoided emissions from different utility scenarios for LED lamps substitution 
Generation type Baseline Utility Natural Gas Fuel Oil Coal 
Energy Saved (PJ) M tona CO2eq M ton CO2eq M ton CO2eq M ton CO2eq 
48.7 14.4 65.3 97.9 120.3 
Source: Own preparation 
Note: 
a. Mega tons (109 kg) of CO2eq 
 
 
6.3 Solar Water Heaters on the Residential Sector 
 
 
Electric shower represented 26% of overall exergy consumption for the Residential sector 
in 2014, according to Eletrobrás (2007), which represents 36.9 PJ yearly, or 0.1 PJ daily. The 
number of dwellings in 2014 in São Paulo was 13,813,562, so daily exergy consumption per 
dwelling is 2.03 kWh for electric shower. With average daily solar radiation of 5.07 kWh/m2 
in Campinas and commercial solar water heater collectors’ efficiency at about 55%, according 
to Filogônio (2016) apud Varella and Guerra (2014), a collector of 1m2 would theoretically be 
sufficient to provide heated water for the average dwelling7. This will be named Scenario 1, 
where total demand for water with high temperature for showering is supplied by solar water 
heater collectors. As the cost of such system exceeds by some measure the disposable income 
for the average dwelling, another scenario, 2, where half the total demand would be supplied 
by such technology was tested on the model. 
Water with high temperature water now being provided, in part or totally, by solar energy, 
to recalculate exergy efficiencies it was chosen to simply deduce electricity consumption related 
to showers in the Residential sector, as exergy efficiency of the solar collector itself does not 
matter for the model, for it can be considered being given for “free” from the sun, from a 
                                                          
7 as 5.07kWh/m2 * 0,55 = 2.78 kWh > 2.03 kWh 
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generation standpoint, thus, for all practical purposes, inexhaustible. Table 29 illustrates the 
effect both scenarios would have on sectoral and overall exergy efficiencies indexes.  
 
Table 29 – Solar Water Heater energy consumption and exergy efficiency 
Scenario Residential Sector 
Electricity 
Consumption (PJ) 
Residential Sector 
Electrical Exergy 
Efficiency (%) 
Residential Sector 
Overall Exergy 
Efficiency (%) 
São Paulo state 
Overall Exergy 
Efficiency (%) 
Baseline 140.5 10.6 12.4 28.3 
1 104.0 35.2 28.5 29.6 
2 122.2 34.1 28.4 29.6 
Source: Own preparation 
 
Even though solar collectors for the provision of water with high temperature deal with 
one of the major sources of exergy wastage in the Residential sector, the main purpose of such 
action is to reduce electricity consumption and consequently avoid GHG emissions. Table 30 
summarizes energy saved and avoided emissions from both scenarios, with different 
assumptions regarding emission factors. Electric showers are energy intensive and used 
specially on the early morning and evenings, when people go to and come from 
work/school/general activities. Not only do solar water heaters reduce consumption per se, but 
electricity consumption is reduced mainly from peak load, which can potentialize its impact. 
 
Table 30 – Solar Water heater effects on GHG emissions 
Energy Saved (PJ) 
Baseline Utility Natural Gas Fuel Oil Coal 
M ton CO2eq M ton CO2eq M ton CO2eq M ton CO2eq 
Scenario 1 36.4 10.8 49.0 73.5 90.3 
Scenario 2 18.3 5.4 24.5 36.7 45.2 
Source: Own preparation 
6.4 Fuel shift on the Transportation Sector 
 
 
As discussed above, targeting improvements in the Transportation sector on an exergy 
efficiency basis will not produce much difference. Even though diesel-run engines are slightly 
more efficient, shifting the entire fleet to this fuel could improve sectoral efficiency by at most 
a few percentage points but, as will be discussed below, emission factors for this fuel are higher 
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than those of gasoline and specially ethanol, either anhydrous or hydrated. Thus, it is more 
appropriate to test improvements on an avoided GHG emissions base, rather than on an exergy 
efficiency base. 
 
 
6.4.1 CO2eq emission for different fuels 
 
 
Analogous to the emission factor from the utility sector, first it is necessary to establish 
emission factors for different fuels. CO2eq emission is estimated from aggregate exergy 
consumption and the appropriate emission factors. Emission factors were obtained from 
Schmitt (2010), on a kgCO2eq per 1000 liters, so it was first necessary to estimate fuel 
consumption in liters by multiplying total energy consumption by its energy density, as follows 
on Equation 22: 
 
𝐶𝑂2𝑒𝑞 (𝑀𝑡𝑜𝑛) =
(𝐹𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝑃𝐽) . 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (
𝑘𝑔𝐶𝑂2𝑒𝑞
1000𝑙𝑖𝑡𝑒𝑟𝑠)
𝐹𝑢𝑒𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑀𝐽
𝑙𝑖𝑡𝑒𝑟𝑠)
 (22) 
                                   
Table 31 presents total emission for each fuel for the year 2014 in São Paulo, which will 
serve as a Baseline for comparison with different assumptions and scenarios. 
 
Table 31 – CO2eq emission from the Transportation sector 
Baseline 
Exergy Consumption1 
(PJ) 
MJ/L2 
Liters 
(109) 
Emission 
factor3 
Mton 
CO2eq 
Gasoline 265.9 29.0 9.2 2662 24.4 
Anhydrous 
Ethanol 
57.5 21.2 2.7 436 1.2 
Hydrous Ethanol 152.7 20.1 7.6 417 3.2 
Diesel 389.0 35.8 10.9 2740 29.7 
Total emission     58.5 
Source: 
1. Own preparation based on energy consumption obtained from ESSSP (2015) and converted into exergy by 
factors in Table 3. 
2. Fuel energy density obtained from Flórez-Orrego (2014) 
3. In kgCO2/m3, obtained from Schmitt (2010). Life cycle emission factor. 
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6.4.2 Total Kilometres travelled for the 2014 fleet in São Paulo 
 
 
To estimate the effects of fleet change, first it is necessary to obtain the number of total 
kilometers travelled, and then distribute these kilometers for different assumptions. Kilometers 
travelled are simply total fuel consumption multiplied by the average fleet fuel economy 
(autonomy, km/L), which can be estimated from the data on Table 32. 
 
Table 32 – Total kilometers travelled in 2014 for each fuel 
Fuel Liters (109) Autonomy1 Total km (109) 
Gasoline a 9.2 11.2 102.5 
Anhydrous Ethanol b 2.7 11.2 30.3 
Hydrous Ethanol 7.6 8.0 60.8 
Diesel 10.9 10.2 110.7 
Total   304.3 
Source: 
1. Autonomy is the average for passenger and light duty weighted by number of vehicles, obtained from CETESB 
(2014). 
Note: 
a. For gasoline, a previous average between flex and dedicated autonomy is made, analogous to exergy efficiency 
calculations in Chapter 5, section 5.4.1. 
b. There is no car running on anhydrous ethanol, this refers to the fuel added to the gasoline. 
 
 
6.4.3 Fuel shift and fuel economy scenarios 
 
 
Three scenarios will be tested, none of which considers kilometers travelled by diesel-
engine vehicles. Thus, total kilometers are, from Table 32 102.5 + 30.3 + 60.8 = 193.6x109 km. 
All three scenarios will assume 10% of total kilometers run by dedicated gasoline vehicles. The 
reason for this breakdown is vehicle registration from 2005-2014 as shown in Table 33. Flex-
fuel vehicle registration overtook dedicated gasoline vehicles in 2006 and accumulated fleet 
share of the latter tending to about 11%, as per the last column of Table 33. Values were 
obtained from ANFAVEA (2015) for Brazil and considered representative for São Paulo.  
Scenario 1 divides total kilometers as follows: 10% for dedicated gasoline vehicles, 45% 
for flex-fuel cars running on gasoline and 45% on ethanol. Scenario 2 uses the same breakdown, 
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but with fuel economy of an average compact 1.0 liter compact car, obtained from CETESB 
(2014). Scenario 3 divides total kilometers as 10% for dedicated gasoline vehicles and the 
remaining for flex-fuel cars running solely on ethanol.  
Owners of flex-fuel cars base their choices on a ratio of ethanol to gasoline prices, 
corrected by their energy densities. If ethanol prices are more economically viable (this point 
is typically 70% of gasoline prices), consumers will choose this fuel. Ideally, when fuel prices 
match its energy densities and autonomy, fuel use will split, which was found to be the case for 
São Paulo. For other states, there is some resistance to the use of ethanol, meaning prices would 
have to be reduced even further for this fuel to be used, according to Goldemberg (2008). 
 
Table 33 – Vehicle Registration (2005-2014). 
Year 
Vehicle Registration 
Yearly total 
Accumulated 
all vehicles 
Accumulated 
Flex-Fuel 
Accumulated 
Gasoline 
Dedicated 
Gasoline share Gasoline Flex-fuel 
2005 646,659 752,597 1,399,256 1,399,256 752,597 646,659 46% 
2006 283,240 1,334,342 1,617,582 3,016,838 2,086,939 929,899 31% 
2007 233,442 1,834,269 2,067,711 5,084,549 3,921,208 1,163,341 23% 
2008 206,815 2,113,285 2,320,100 7,404,649 6,034,493 1,370,156 19% 
2009 210,281 2,416,111 2,626,392 10,031,041 8,450,604 1,580,437 16% 
2010 264,330 2,570,578 2,834,908 12,865,949 11,021,182 1,844,767 14% 
2011 350,848 2,524,402 2,875,250 15,741,199 13,545,584 2,195,615 14% 
2012 258,950 2,834,334 3,093,284 18,834,483 16,379,918 2,454,565 13% 
2013 182,046 2,833,091 3,015,137 21,849,620 19,213,009 2,636,611 12% 
2014 180,561 2,588,367 2,768,928 24,618,548 21,801,376 2,817,172 11% 
2015 133,922 1,959,866 2,093,788 26,712,336 23,761,242 2,951,094 11% 
Source: Own preparation based on vehicle registration numbers from ANFAVEA (2015). 
 
To calculate exergy consumption was a matter of distributing total kilometers calculated 
above for each fuel, based on the assumptions discussed, then applying appropriate fuel 
economy factors obtained from CETESB (2014). Fuel economy is weighted for fleet numbers 
taken from Table 16. With consumption in liters and Joules, GHG emissions are then 
recalculated from Equation 22.  
Tables 34 to 36 summarizes total kilometers, average autonomy, and total energy 
consumption by fuel, the latter used to calculate total GHG emission, shown in Table 37. 
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Table 34 – Scenario 1 summary 
Scenario 1 Gasoline (dedicated) Gasoline (Flex) Ethanol (Flex) 
Total km (109) distribution 19.36 87.13 87.13 
Average autonomy (km/L) 10.59 11.58 8.00 
Liters (109) 1.83 7.52 10.89 
Liters – Gasoline (109)a 1.43 - - 
Liters – Anhydrous Ethanol (109)a 0.40 - - 
Total energy consumption (PJ) 49.85 218.12 218.85 
Source: Own preparation 
Note: 
a. 78% of total consumption being pure gasoline, 22% anhydrous ethanol 
 
Table 35 – Scenario 2 summary 
Scenario 2 Gasoline (dedicated) Gasoline (Flex) Ethanol (Flex) 
Total km (109) distribution 19.36 87.13 87.13 
Average autonomy (km/L) 11.10 15.30 9.90 
Liters (109) 1.74 5.69 8.80 
Liters – gasoline (109)a 1.36 - - 
Liters – Anhydrous ethanol (109)a 0.38 - - 
Total energy (PJ) 47.57 165.12 176.79 
Source: Own preparation 
Note: 
a. 78% of total consumption being pure gasoline, 22% anhydrous ethanol 
 
Table 36 – Scenario 3 summary 
Scenario 3 Gasoline (dedicated) Gasoline (Flex) Ethanol (Flex) 
Total km (109) distribution 19.36 0.00 174.25 
Average autonomy (km/L) 10.59 12.60 8.00 
Liters (109) 1.74 0.00 21.79 
Liters – gasoline (109)a 1.36 
  
Liters – Anhydrous ethanol (109)a 0.38 
  
Total energy (PJ) 47.57 0.00 437.70 
Source: Own preparation 
Note: 
a. 78% of total consumption being pure gasoline, 22% anhydrous ethanol 
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Table 37 – CO2eq emission in Mton for each scenario 
Scenario Gasoline 
Anhydrous 
Ethanol 
Hydrous 
Ethanol 
Diesel Total 
From 
Baseline (%)a 
1 23.8 0.2 4.5 29.7 58.3 99.6 
2 18.8 0.2 3.7 29.7 52.4 89.5 
3 3.8 0.2 9.1 29.7 42.8 73.2 
Source: Own preparation 
Note: 
a. 100% means no difference from baseline, 50% means emissions were cut in half. 
 
Scenario 3, with flex-fuel cars running exclusively on hydrous ethanol, showed the 
greater reduction in overall emissions from the sector, and could be further explored on a policy 
and economic framework. 
 
 
6.4.4 Electric vehicles 
 
 
Again, proceeding from total kilometers travelled by passenger vehicles in 2014, 
193.6x109 km, the model will test passenger vehicle replacement by electric vehicles and then 
compare total GHG emissions for some assumptions regarding the newly required electricity 
generation to power electric vehicles with baseline scenario. Electric vehicles emit very little 
when in use, but emission factor from the utility sector and timing of charging are critical, as 
well as total emission from the production of batteries.  
Emission factor for battery production varies greatly, depending on a host of factors. For 
the sake of simplicity, emission factor was taken as the mean presented in the research about 
the Chinese processes, by Hao et al. (2017), which gathers data from other studies as well. Mean 
emission for a 28kWh battery was 3117.2 kg CO2eq. As well, it is considered that, battery 
production excluded, the manufacturing of an EV and ICE does not differ regarding emissions, 
according to Hao et al. (2017). 
Three scenarios were tested, with 10%, 50% and 90% passenger ICE substitution for EVs. 
Emission in Mton CO2eq from the production of batteries, as well those for the electricity 
generation under some different assumptions regarding the technology used are summarized in 
Tables 38 to 40 for each scenario. Fuel consumption refers to electricity used to run the vehicle, 
150 Wh/km, obtained from Flórez-Orrego (2014). 
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Table 38 – Scenario 1 EV fleet shift 
Scenario 1 (10%) São Paulo Average Brazil Averagef Average Hydropower Coal Natural Gas Oil 
Fuel consumption a 0.2 0.4 0.3 0.0 2.6 1.4 2.1 
Battery Production b 3.1 3.1 3.1 3.1 3.1 3.1 3.1 
Total EV 3.4 3.6 3.4 3.2 5.7 4.5 5.2 
ICE passenger vehicles c 25.9 25.9 25.9 25.9 25.9 25.9 25.9 
Diesel d 29.7 29.7 29.7 29.7 29.7 29.7 29.7 
Total emission e 59.0 59.2 59.1 58.8 61.4 60.2 60.9 
From Baseline (%) 101 102 101 101 105 103 104 
Note: 
a. Electricity consumed by the electric vehicle, 150 Wh/km, obtained from Flórez-Orrego (2014). 
b. 3117.2 kg CO2eq for one battery for each built EV, 10% of total fleet for passenger vehicle, from Table 14. 
c. 90% of total emissions calculated from Table 31. 
d. Equal to Diesel emission taken from Table 31. 
e. In Mton CO2eq 
f. São Paulo excluded 
 
Table 39 – Scenario 2 EV fleet shift 
Scenario 2 (50%) São Paulo Average Brazil Averagef Average Hydropower Coal Natural Gas Oil 
Fuel consumption a 1.2 2.2 1.5 0.1 13.0 7.0 10.5 
Battery Production b 15.7 15.7 15.7 15.7 15.7 15.7 15.7 
Total EV 16.8 17.8 17.2 15.8 28.6 22.7 26.2 
ICE passenger vehicles c 14.4 14.4 14.4 14.4 14.4 14.4 14.4 
Diesel d 29.7 29.7 29.7 29.7 29.7 29.7 29.7 
Total emission e 61.0 62.0 61.4 59.9 72.8 66.8 70.4 
From Baseline (%) 105 106 105 103 125 115 121 
Note: 
a. Electricity consumed by the electric vehicle, 150 Wh/km, obtained from Flórez-Orrego (2014). 
b. 3117.2 kg CO2eq for one battery for each built EV, 50% of total fleet for passenger vehicle, from Table 14. 
c. 50% of total emissions calculated from Table 31. 
d. Equal to Diesel emission taken from Table 31. 
e. In Mton CO2eq 
f. São Paulo excluded 
 
 
Table 40 – Scenario 3 EV fleet shift 
Scenario 3 (90%) São Paulo Average Brazil Averagef Average Hydropower Coal Natural Gas Oil 
Fuel consumption a 2.1 3.9 2.8 0.1 23.3 12.7 19.0 
Battery Production b 28.2 28.2 28.2 28.2 28.2 28.2 28.2 
Total EV 30.3 32.2 31.0 28.4 51.6 40.9 47.2 
ICE passenger vehicles c 2.9 2.9 2.9 2.9 2.9 2.9 2.9 
Diesel d 29.7 29.7 29.7 29.7 29.7 29.7 29.7 
Total emission e 62.9 64.8 63.7 61.0 84.2 73.5 79.8 
From Baseline (%) 108 111 109 105 144 126 137 
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Note: 
a. Electricity consumed by the electric vehicle, 150 Wh/km, obtained from Flórez-Orrego (2014). 
b. 3117.2 kg CO2eq for one battery for each built EV, 90% of total fleet for passenger vehicle, from Table 14. 
c. 10% of total emissions calculated from Table 31. 
d. Equal to Diesel emission taken from Table 31. 
e. In Mton CO2eq 
f. São Paulo excluded 
 
Electricity production for EVs would surely require extensive infrastructure and a shift 
of such kind would need years, if not decades, to take place. It is not the intention of this exercise 
to go beyond simple estimations of emissions using current numbers of available technology. 
As the numbers show, though, electric vehicles can hardly be considered a totally clean 
technology, not only for the technical challenges regarding battery production (weight and 
autonomy being great complicators), but because, even for a relatively “clean” energy matrix 
such as the one in Brazil, if additional electricity to power such vehicles comes from peak 
generation, usually thermal power plants, total emission does not significantly change from 
baseline scenario of ICE vehicles running on gasoline and ethanol.  
These numbers are not intended to prove or show that electric vehicles are not the solution 
for emissions from the Transport sector, only that there is great variability depending on several 
assumptions, such as emission factors from the Utility sector, fleet substitution and battery 
production, where a mean value was used. As well, emissions from battery production would 
only be accounted for once for new cars, so this number would be diluted throughout the entire 
vehicle life. Analysis should be more useful if the whole life cycle of different vehicle 
technologies were compared, not a single year, as was the case here, but such analysis is not 
applicable in the scope of this research.   
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7 CONCLUSIONS 
 
 
The main objective of this dissertation was to study energy, or, more precisely, exergy 
use in the state of São Paulo, chosen with the dual purpose of improving resolution from treating 
the whole country as a single entity, while avoiding too great a complexity which would occur 
if the country of Brazil was analysed state by state, as it possesses great social-economic and 
geographical variability. The model and general method can be either extended or similar 
analyses for other states can be made, though. 
Exergy analysis, following the available literature, is considered to provide another 
dimension regarding energy use, that of which similar energy quantities can carry vastly 
different capacities to alter the environment, the capacity to perform useful work, for this 
uncovered new dimension deals with qualitative differences, which the First Law of 
Thermodynamics does not reach. The electric shower is an appropriate example, as it can 
convert close to 95% of the electricity obtained from the grid into heated water, but such water, 
at 333 K, can only convert about 11% of its energy content into work.  
Modelling such an extensive, complex control volume as a state inevitably leads to 
simplifications and assumptions, the use of which is indispensable for achieving the goals. What 
is lost in detail can be gained in generalization, according to Correa (2014), and, if the model is 
successfully built, can be used as a groundwork for future refinement, extrapolations or simply 
to test different assumptions.  
Exergy analysis follows two main branches, one of which considers the raw material 
inputs, following Wall (1986), the other which deals only with end-use energy conversions, 
following Reistad (1980), the latter being the framework used throughout this dissertation.  
Results for the other sectors are 10.6% for the Transportation, 12.4% for the Residential, 
19.2% for the Commercial & Public and 31.7% for the Rural. What immediately follows from 
the presentation of such numbers is that the Industrial sector is, by a large margin, the most 
exergy efficient one. A closer look at the Residential sector, for example, reveals that fridges, 
air conditioners and electric showers are all relatively energy efficient, from about 60% to 95%, 
but when exergy considerations are employed, efficiencies plummet to, for the best scenario, 
11% for the electric shower, and for as low as 2% for air conditioners. The reason is that process 
temperature is fundamental when dealing with the Second Law of Thermodynamics, as the 
Carnot factor, (1-T0/Tp) acts as a multiplier for the stand-alone energy efficiency. Inspection of 
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this factor shows that, when process temperature Tp is close to that of ambient (dead state) 
temperature T0, this factor approximates zero, and thus, no matter what the energy efficiency, 
exergy efficiencies will be always low. To recall the electric shower example, the energy 
efficiency was considered 95%, and, if a shower is taken at a relatively high temperature, from 
a human being standpoint, of 333 K (60oC), exergy efficiency is 11.4%. If shower temperature 
is set lower, exergy efficiency decreases even more. This example is to illustrate one of the 
probable reasons as to why the Residential and the Commercial & Public sectors efficiencies 
are low. Comfort, among other non-technical considerations, play its role, while, on the 
Industrial sector, economical drivers are much more important. It is expected that an industry 
seeks to use energy on the most rational possible way, to dispend the least possible amount of 
money on energy. On the other hand, for a person with enough disposable income, being 
comfortable at home matters far more than the efficiency in which that process is being carried 
out, such as air conditioners dissipating a great deal of exergy.  
The Transportation sector is where other facets of the problem unfold. Exergy efficiency 
is low no matter the technology employed by the combustion engine, 10.9% for Diesel engines, 
7.8% for dedicated or flex-fuel cars running on gasoline, 8.1% for ethanol fuelled flex vehicles. 
Thus, from a thermodynamics point of view, while a fleet relying solely on diesel engines would 
be a bit more efficient, the difference would be too small to warrant such shift. If fuel economy 
is considered, then a trend helps to understand our relationship with cheap, relatively easy to 
obtain, high density fuels. Technological progress on fuel economy is being made constantly, 
but this progress translated not entirely on more efficient cars, as some of the gains were offset 
by larger, more comfortable vehicles, with more accessories, greater acceleration and weight, 
according to Knittel (2011). Fuel economy from the period 1980-2006 could have increased by 
60% if weight, horsepower and torque were held at 1980 values, but a gain of only 15% was 
observed, for the reasons exposed above, following Knittel (2011). 
Rebound effect, following the research by Khazzoom (1980), is the phenomenon of 
unintended consequences, and was briefly discussed on this dissertation, as to delve into the 
details would shift the focus to areas where much more knowledge is needed. Such effect is 
when some, if not all, gains in efficiency are offset by increased consumption for an individual 
or group of appliances. If air conditioners get more efficient, either by imposed standards 
resulting from industry research, it is cheaper to use one in the long run, thus increasing demand. 
One of the possible results is that aggregate air conditioner energy consumption increases even 
though each individual appliance is more efficient, which, at first look, could sound 
counterintuitive. For example, a 10% increase in efficiency could result in a 20%, 10%, 5%, 
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increase in energy consumption, resulting in a rebound effect which more than, equally, or 
somewhat offset efficiency improvements. This is mentioned to prevent technical speculations 
regarding efficiency and energy use with little to no value for real-world considerations, as 
energy demand forecasts provide dubious results, to say the least, as discussed by Smil (2000), 
due to the complexity, the myriad of factors involved. 
The results on Chapter Five were used to guide some improvement measures, touched 
only superficially and briefly, to serve as an illustration to the usefulness of an exergy analysis. 
If diesel and ethanol-run engines are similar in exergy efficiency, that is not the case when 
comparing emission factors, thus policies could be implemented in this direction. As well, 
price-mechanisms play an important role when choosing to fill a flex-fuel car with gasoline or 
ethanol, as discussed by Goldemberg (2008), fuels which have different emission factors. Thus, 
by manipulating prices via taxes, the government can shift use to one or other direction.  
Electrification of the fleet can be problematic if the newly created demand for electricity 
is fulfilled by peak-generation, and for such case such shift would not bring vast improvement. 
An electric car charged off-peak would require extensive investment in hydropower 
infrastructure, not to mention behavioral changes as peak demand occurs early morning and 
evenings, when people are going to and from work.  
The model can provide some of these generalized answers, proving its usefulness. Not 
only in the results, but building a model requires some knowledge of energy use behavior, so 
the process of building the model itself has its value. It cannot be underestimate the amount of 
information and research employed, from a host of different sources, to build it. 
And so, starting from climate change, the relation with energy use and carbon emission, 
an investigation was launched for the state of São Paulo, using concurrently the two 
fundamental laws of thermodynamics. Such model provided indexes of efficiency regarding 
exergy use, which can be used as one of the tools to guide public policy dealing with the 
challenge of curbing climate change. Some brief measures were tested on the model, to serve 
as illustration to the usefulness of the model itself, as well as to point the complexities and 
interplay of different factors in a society. There is always room for improvement on the model, 
the assumptions and the measures tested, but more resolution and the validity of the findings 
are sometimes at odds, much more time needed for little improvement in accuracy. It is hoped 
that this model achieved good accuracy, enough to draw generalized conclusions and insight 
into the energy and exergy use in São Paulo. 
 
 
93 
 
Suggestion for Future Works 
 
 
There is no single area which cannot be improved. Modelling approach started from 
officially state-published aggregate data, and there is little reason to replace it with another set. 
From there, sectorial behavior relies on second-hand estimates, sometimes not the most up-to-
date. The Residential and the Commercial & Public sectors were based on surveys a decade 
old, the Rural sector two decades old. It would be of great value if each sector were modelled 
more extensively and updated more frequently. The Energetic sector did not possess a survey 
of such kind, and an approximation was made. The Industrial sector has great complexity and 
need extensive research as well. 
In Chapter Six, economic considerations must be made to improve real-world 
applicability. As well, rebound effects should be investigated to provide robustness to the 
analysis. Elasticity of appliance use respective to energy prices could be further investigated. 
Solar energy possibilities must be better explored, considering economic disparities in 
São Paulo and Brazil. Analysing an average dwelling for the feasibility of solar water heaters 
has limited usefulness as Brazil is notoriously unequal in income. 
Transportation sector analysis relied on lighter vehicles, and could be expanded for freight 
trucks and buses. Public transportation energy use could have explored further options, such as 
the fleet replacement by subways or other public transit system. 
Comparison between states in Brazil could provide interesting insights about energy use 
and different consumption behaviors, and economic modelling could help explain the interplay 
between income and energy use.  
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APPENDIX A – São Paulo state Energy and Exergy Balances in PJ 
Table 41 – São Paulo State Energy Balance – 2014 [PJ], adapted from ESSSP (2015) 
Final Consumption Petroleum 
Steam 
Coal 
Metallurg
ical Coal 
Natural 
Gas 
Hydraulic 
Energy 
Firewood 
Sugar 
Cane 
Juice 
Molasses 
Sugar 
Cane 
Bagasse 
Black 
Liquor 
Others 
Primary 
Sources 
Primary 
Energy 
Diesel Oil Fuel Oil Gasoline LPG Naphtha Kerosene 
Gasworks 
Gas 
Gas Coke 
Coal 
Coke 
Electricit
y 
Charcoal 
Anhydrou
s Ethanol 
Hydrated 
Ethanol 
Refinery 
Gas 
Others 
Non-
Energy 
Products 
Secondar
y Energy 
Total 
Production 0.0 0.0 0.0 141.3 203.8 31.8 320.5 58.5 653.0 51.0 21.5 1481.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1481.5 
 Imports 357.4 0.0 49.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 407.3 109.4 5.6 0.0 8.3 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 124.4 531.7 
 State Imports 1581.9 0.2 0.0 71.4 0.0 4.4 0.0 0.0 0.0 0.0 0.0 1657.9 0.0 0.0 0.0 0.0 50.5 16.2 0.0 0.0 0.0 362.5 2.9 0.0 13.1 0.0 0.0 0.0 445.2 2103.0 
 Changes in Stock 0.0 0.0 -0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.3 4.2 2.2 1.5 0.2 -0.4 2.7 0.0 0.0 0.7 0.0 0.0 -1.5 -1.3 0.0 0.0 0.4 8.6 8.4 
Total Supply 1939.3 0.2 49.6 212.7 203.8 36.1 320.5 58.5 653.0 51.0 21.5 3546.4 113.6 7.8 1.5 8.5 50.0 19.0 0.0 0.0 1.8 362.5 2.9 -1.5 11.8 0.0 0.0 0.4 578.2 4124.5 
 Exports 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -2.0 -51.3 -57.2 0.0 0.0 -0.3 0.0 0.0 0.0 0.0 0.0 -31.9 -0.5 0.0 -38.3 -39.8 -221.2 -221.2 
 State Exports 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -542.1 -93.4 -127.8 -1.3 0.0 -12.2 0.0 0.0 0.0 -12.9 0.0 -46.1 -0.2 0.0 0.0 0.0 -836.0 -836.0 
 Non-utilized Energy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Re-injection 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Gross Domestic Supply 1939.3 0.2 49.6 212.7 203.8 36.1 320.5 58.5 653.0 51.0 21.5 3546.4 -430.5 -136.9 -183.4 7.1 50.0 6.5 0.0 0.0 1.8 349.5 2.9 -79.5 11.1 0.0 -38.3 -39.4 -479.0 3067.3 
Total Transformation -1939.3 0.0 -49.6 -41.5 -203.8 -4.5 -320.5 -58.5 -11.8 -8.5 -16.9 -2655.0 895.5 150.2 449.1 78.6 31.7 97.4 0.0 9.9 31.3 233.0 0.9 137.4 146.6 54.1 110.4 90.6 2516.7 -138.3 
 Petroleum Refineries -1939.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -1939.3 890.3 154.3 442.3 77.1 17.4 97.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 54.1 110.4 90.6 1934.1 -5.2 
 Natural Gas Plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Gasification Plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Coking Plants 0.0 0.0 -49.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -49.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.9 31.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 41.2 -8.5 
 Public Util. Power Plants 0.0 0.0 0.0 -31.3 -196.3 0.0 0.0 0.0 0.0 0.0 0.0 -227.6 0.0 -3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 196.3 0.0 0.0 0.0 0.0 0.0 0.0 193.0 -34.6 
 Self-prod Power Plants 0.0 0.0 0.0 -10.2 -7.5 -1.0 0.0 0.0 -11.8 -8.5 -16.9 -56.0 -1.0 -0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 36.7 0.0 0.0 0.0 0.0 0.0 0.0 34.9 -21.1 
 Charcoal Plants 0.0 0.0 0.0 0.0 0.0 -3.5 0.0 0.0 0.0 0.0 0.0 -3.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.9 -2.6 
 Distilleries 0.0 0.0 0.0 0.0 0.0 0.0 -320.5 -58.5 0.0 0.0 0.0 -379.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 137.4 146.6 0.0 0.0 0.0 284.0 -95.1 
 Other Transformations 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.2 0.0 6.8 1.5 14.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.7 28.7 
Losses in distrib./storage 0.0 0.0 0.0 -2.6 0.0 0.0 0.0 0.0 -65.3 0.0 0.0 -67.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.2 0.0 -40.2 0.0 -0.5 -1.6 0.0 0.0 0.0 -42.5 -110.3 
Final Consumption 0.0 0.2 0.0 168.7 0.0 31.6 0.0 0.0 575.8 42.5 4.6 823.5 465.1 13.4 265.7 85.7 81.8 104.0 0.0 9.7 33.0 542.4 3.8 57.4 156.1 54.1 72.1 51.3 1995.4 2818.9 
 Final Non-Energ. Consumption 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.8 0.0 0.0 10.8 0.0 0.0 0.0 0.0 81.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4 6.5 0.0 51.3 143.0 153.8 
 Final Energy Consumption 0.0 0.2 0.0 168.7 0.0 31.6 0.0 0.0 565.0 42.5 4.6 812.7 465.1 13.4 265.7 85.7 0.0 104.0 0.0 9.7 33.0 542.4 3.7 57.4 152.6 47.6 72.1 0.0 1852.5 2665.1 
  Energy Sector 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 65.1 0.0 0.0 65.1 10.8 0.1 0.0 0.5 0.0 0.0 0.0 0.1 0.0 10.8 0.0 0.0 0.0 47.3 0.0 0.0 69.7 134.8 
  Residential 0.0 0.0 0.0 7.4 0.0 6.3 0.0 0.0 0.0 0.0 0.0 13.7 0.0 0.0 0.0 58.8 0.0 0.0 0.0 0.0 0.0 142.0 0.0 0.0 0.0 0.0 0.0 0.0 200.8 214.5 
  Commercial 0.0 0.0 0.0 4.4 0.0 2.1 0.0 0.0 0.0 0.0 0.0 6.5 1.5 0.4 0.0 7.9 0.0 0.0 0.0 0.0 0.0 106.5 0.3 0.0 0.0 0.0 0.0 0.0 116.6 123.1 
  Public 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.5 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 42.4 0.0 0.0 0.0 0.0 0.0 0.0 46.9 47.7 
  Agriculture 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 21.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 11.9 0.0 0.0 0.0 0.0 0.0 0.0 33.0 33.4 
  Transportation - Total 0.0 0.0 0.0 8.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.2 388.7 1.3 265.7 0.0 0.0 103.9 0.0 0.0 0.0 4.1 0.0 57.4 152.6 0.0 0.0 0.0 973.9 982.1 
   Highways 0.0 0.0 0.0 8.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.2 377.5 0.0 265.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 57.4 152.6 0.0 0.0 0.0 852.9 861.1 
   Railroads 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.1 0.0 0.0 0.0 0.0 0.0 0.0 14.3 14.3 
   Airways 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 103.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 104.4 104.4 
   Waterways 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 2.3 
  Industrial – Total 0.0 0.2 0.0 148.1 0.0 22.8 0.0 0.0 499.9 42.5 4.6 718.1 41.5 11.5 0.0 15.4 0.0 0.0 0.0 9.6 33.0 224.6 3.4 0.0 0.0 0.3 72.1 0.0 411.5 1129.6 
   Cement 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 1.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.4 0.1 0.0 0.0 0.0 22.4 0.0 30.2 30.4 
   Pig-Iron and Steel 0.0 0.0 0.0 18.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.4 0.4 0.4 0.0 2.1 0.0 0.0 0.0 9.6 33.0 17.2 2.9 0.0 0.0 0.0 0.0 0.0 65.6 84.0 
   Ferro Alloys 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.5 0.2 0.0 0.0 0.0 0.0 0.0 3.6 3.6 
   Mining and Pelletization 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 6.4 6.4 
   Non-Ferrous; Other Metals 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 29.2 0.0 0.0 0.0 0.0 30.5 0.0 61.1 61.1 
   Chemical 0.0 0.0 0.0 25.4 0.0 0.2 0.0 0.0 0.7 0.0 0.0 26.2 0.8 1.6 0.0 1.8 0.0 0.0 0.0 0.0 0.0 31.2 0.0 0.0 0.0 0.3 11.2 0.0 46.9 73.2 
   Food and Beverages 0.0 0.0 0.0 15.5 0.0 4.9 0.0 0.0 497.1 0.0 0.4 517.9 23.8 2.4 0.0 2.5 0.0 0.0 0.0 0.0 0.0 28.0 0.0 0.0 0.0 0.0 0.0 0.0 56.8 574.7 
   Textiles 0.0 0.0 0.0 4.1 0.0 0.7 0.0 0.0 0.0 0.0 0.0 4.8 0.0 0.5 0.0 0.8 0.0 0.0 0.0 0.0 0.0 11.9 0.3 0.0 0.0 0.0 0.0 0.0 13.5 18.3 
   Paper and Pulp 0.0 0.0 0.0 15.1 0.0 13.1 0.0 0.0 2.1 42.5 3.4 76.3 1.2 4.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23.6 0.0 0.0 0.0 0.0 0.0 0.0 29.5 105.8 
   Ceramics 0.0 0.0 0.0 26.1 0.0 3.4 0.0 0.0 0.0 0.0 0.2 29.7 0.4 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 9.1 0.0 0.0 0.0 0.0 0.0 0.0 12.3 42.0 
   Others 0.0 0.0 0.0 43.6 0.0 0.5 0.0 0.0 0.0 0.0 0.6 44.6 9.5 0.0 0.0 5.4 0.0 0.0 0.0 0.0 0.0 62.6 0.0 0.0 0.0 0.0 8.1 0.0 85.5 130.1 
Unidentified Consumption 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Adjustments 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.2 -0.3 
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Table 42 – São Paulo State Exergy Balance - 2014 [PJ], adapted from ESSSP (2015) 
Final Consumption Petroleum 
Steam 
Coal 
Metallurg
ical Coal 
Natural 
Gas 
Hydraulic 
Energy 
Firewood 
Sugar 
Cane 
Juice 
Molasses 
Sugar 
Cane 
Bagasse 
Black 
Liquor 
Others 
Primary 
Sources 
Primary 
Energy 
Diesel Oil Fuel Oil Gasoline LPG Naphtha Kerosene 
Gasworks 
Gas 
Gas Coke 
Coal 
Coke 
Electricit
y 
Charcoal 
Anhydrou
s Ethanol 
Hydrated 
Ethanol 
Refinery 
Gas 
Others 
Non-
Energy 
Products 
Secondar
y Energy 
Total 
Production 0.0 0.0 0.0 139.9 201.8 31.5 317.3 57.9 646.5 50.5 21.3 1,466.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1,466.7 
 Imports 353.8 0.0 49.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 403.2 108.3 5.6 0.0 8.2 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 123.1 526.3 
 State Imports 1,566.1 0.2 0.0 70.7 0.0 4.3 0.0 0.0 0.0 0.0 0.0 1,641.3 0.0 0.0 0.0 0.0 50.0 16.1 0.0 0.0 0.0 358.8 2.9 0.0 13.0 0.0 0.0 0.0 440.7 2,082.0 
 Changes in Stock 0.0 0.0 -0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.2 4.1 2.2 1.5 0.2 -0.4 2.7 0.0 0.0 0.7 0.0 0.0 -1.5 -1.3 0.0 0.0 0.4 8.5 8.3 
Total Supply 1,919.9 0.2 49.1 210.6 201.8 35.8 317.3 57.9 646.5 50.5 21.3 3,510.9 112.5 7.7 1.5 8.4 49.5 18.8 0.0 0.0 1.8 358.8 2.9 -1.5 11.7 0.0 0.0 0.4 572.4 4,083.3 
 Exports 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -2.0 -50.7 -56.6 0.0 0.0 -0.3 0.0 0.0 0.0 0.0 0.0 -31.6 -0.5 0.0 -37.9 -39.4 -219.0 -219.0 
 State Exports 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -536.7 -92.5 -126.5 -1.3 0.0 -12.1 0.0 0.0 0.0 -12.8 0.0 -45.6 -0.2 0.0 0.0 0.0 -827.6 -827.6 
 Non-utilized Energy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Re-injection 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Gross Domestic Supply 1,919.9 0.2 49.1 210.6 201.8 35.8 317.3 57.9 646.5 50.5 21.3 3,510.9 -426.2 -135.5 -181.6 7.0 49.5 6.4 0.0 0.0 1.8 346.0 2.9 -78.7 11.0 0.0 -37.9 -39.0 -474.2 3,036.7 
Total Transformation -1,919.9 0.0 -49.1 -41.0 -201.8 -4.5 -317.3 -57.9 -11.7 -8.4 -16.8 -2,628.5 886.5 148.7 444.6 77.8 31.4 96.5 0.0 9.8 30.9 230.7 0.9 136.0 145.1 53.6 109.3 89.7 2,491.6 -136.9 
 Petroleum Refineries -1,919.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -1,919.9 881.4 152.8 437.9 76.3 17.3 96.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 53.6 109.3 89.7 1,914.7 -5.2 
 Natural Gas Plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Gasification Plants 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 Coking Plants 0.0 0.0 -49.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -49.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.8 30.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 40.8 -8.4 
 Public Util. Power Plants 0.0 0.0 0.0 -31.0 -194.4 0.0 0.0 0.0 0.0 0.0 0.0 -225.3 0.0 -3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 194.4 0.0 0.0 0.0 0.0 0.0 0.0 191.1 -34.2 
 Self-prod Power Plants 0.0 0.0 0.0 -10.1 -7.5 -1.0 0.0 0.0 -11.7 -8.4 -16.8 -55.5 -1.0 -0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 36.3 0.0 0.0 0.0 0.0 0.0 0.0 34.5 -20.9 
 Charcoal Plants 0.0 0.0 0.0 0.0 0.0 -3.4 0.0 0.0 0.0 0.0 0.0 -3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.9 -2.6 
 Distilleries 0.0 0.0 0.0 0.0 0.0 0.0 -317.3 -57.9 0.0 0.0 0.0 -375.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 136.0 145.1 0.0 0.0 0.0 281.1 -94.1 
 Other Transformations 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.1 0.0 6.8 1.5 14.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.4 28.4 
Losses in distrib./storage 0.0 0.0 0.0 -2.5 0.0 0.0 0.0 0.0 -64.7 0.0 0.0 -67.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.2 0.0 -39.8 0.0 -0.5 -1.6 0.0 0.0 0.0 -42.0 -109.2 
Final Consumption 0.0 0.2 0.0 167.1 0.0 31.3 0.0 0.0 570.1 42.1 4.5 815.3 460.4 13.3 263.0 84.9 80.9 102.9 0.0 9.7 32.7 536.9 3.7 56.9 154.5 53.6 71.4 50.7 1,975.5 2,790.7 
 Final Non-Energ. Consumption 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.7 0.0 0.0 10.7 0.0 0.0 0.0 0.0 80.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4 6.4 0.0 50.7 141.5 152.3 
 Final Energy Consumption 0.0 0.2 0.0 167.1 0.0 31.3 0.0 0.0 559.4 42.1 4.5 804.5 460.4 13.3 263.0 84.9 0.0 102.9 0.0 9.7 32.7 536.9 3.7 56.9 151.1 47.1 71.4 0.0 1,833.9 2,638.5 
  Energy Sector 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 64.4 0.0 0.0 64.4 10.7 0.1 0.0 0.5 0.0 0.0 0.0 0.1 0.0 10.7 0.0 0.0 0.0 46.8 0.0 0.0 69.0 133.5 
  Residential 0.0 0.0 0.0 7.3 0.0 6.3 0.0 0.0 0.0 0.0 0.0 13.5 0.0 0.0 0.0 58.2 0.0 0.0 0.0 0.0 0.0 140.5 0.0 0.0 0.0 0.0 0.0 0.0 198.8 212.4 
  Commercial 0.0 0.0 0.0 4.3 0.0 2.1 0.0 0.0 0.0 0.0 0.0 6.4 1.4 0.4 0.0 7.9 0.0 0.0 0.0 0.0 0.0 105.4 0.2 0.0 0.0 0.0 0.0 0.0 115.4 121.8 
  Public 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.5 0.0 0.0 2.9 0.0 0.0 0.0 0.0 0.0 42.0 0.0 0.0 0.0 0.0 0.0 0.0 46.4 47.2 
  Agriculture 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.4 20.8 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 11.8 0.0 0.0 0.0 0.0 0.0 0.0 32.7 33.1 
  Transportation - Total 0.0 0.0 0.0 8.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.1 384.8 1.3 263.0 0.0 0.0 102.9 0.0 0.0 0.0 4.1 0.0 56.9 151.1 0.0 0.0 0.0 964.1 972.2 
   Highways 0.0 0.0 0.0 8.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.1 373.7 0.0 262.6 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 56.9 151.1 0.0 0.0 0.0 844.4 852.5 
   Railroads 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.0 0.0 0.0 0.0 0.0 0.0 0.0 14.2 14.2 
   Airways 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 102.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 103.3 103.3 
   Waterways 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 2.2 
  Industrial – Total 0.0 0.2 0.0 146.6 0.0 22.6 0.0 0.0 494.9 42.1 4.5 710.9 41.1 11.4 0.0 15.2 0.0 0.0 0.0 9.5 32.7 222.4 3.4 0.0 0.0 0.3 71.4 0.0 407.4 1,118.3 
   Cement 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 1.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.4 0.1 0.0 0.0 0.0 22.2 0.0 29.9 30.1 
   Pig-Iron and Steel 0.0 0.0 0.0 18.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.2 0.4 0.4 0.0 2.1 0.0 0.0 0.0 9.5 32.7 17.0 2.9 0.0 0.0 0.0 0.0 0.0 64.9 83.2 
   Ferro Alloys 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4 0.2 0.0 0.0 0.0 0.0 0.0 3.6 3.6 
   Mining and Pelletization 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.2 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 6.4 6.4 
   Non-Ferrous; Other Metals 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 29.0 0.0 0.0 0.0 0.0 30.2 0.0 60.5 60.5 
   Chemical 0.0 0.0 0.0 25.1 0.0 0.2 0.0 0.0 0.7 0.0 0.0 26.0 0.8 1.6 0.0 1.8 0.0 0.0 0.0 0.0 0.0 30.9 0.0 0.0 0.0 0.3 11.1 0.0 46.5 72.4 
   Food and Beverages 0.0 0.0 0.0 15.4 0.0 4.8 0.0 0.0 492.2 0.0 0.4 512.8 23.6 2.4 0.0 2.4 0.0 0.0 0.0 0.0 0.0 27.8 0.0 0.0 0.0 0.0 0.0 0.0 56.2 569.0 
   Textiles 0.0 0.0 0.0 4.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 4.7 0.0 0.5 0.0 0.8 0.0 0.0 0.0 0.0 0.0 11.8 0.3 0.0 0.0 0.0 0.0 0.0 13.4 18.1 
   Paper and Pulp 0.0 0.0 0.0 15.0 0.0 13.0 0.0 0.0 2.1 42.1 3.4 75.5 1.2 4.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23.4 0.0 0.0 0.0 0.0 0.0 0.0 29.2 104.8 
   Ceramics 0.0 0.0 0.0 25.8 0.0 3.4 0.0 0.0 0.0 0.0 0.2 29.4 0.4 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 12.2 41.5 
   Others 0.0 0.0 0.0 43.1 0.0 0.5 0.0 0.0 0.0 0.0 0.6 44.2 9.4 0.0 0.0 5.3 0.0 0.0 0.0 0.0 0.0 62.0 0.0 0.0 0.0 0.0 8.0 0.0 84.6 128.8 
Unidentified Consumption 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Adjustments 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.2 -0.2 
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APPENDIX B – Industrial sector exergy efficiency tables 
 
 
Paper & Pulp subsector, obtained from Berni (2010b). 
 
For the Paper & Pulp industrial activity the relative energy consumption is given by Table 43, 
taken from Berni (2010b). Table 44 is produced by multiplying each percentage on Table 43 
for the exergy consumption, taken from the ESSSP (2015), by fuel. 
 
Table 43 – Paper & Pulp relative exergy consumption by fuel and process in percentage 
Energetic 
Mechanical 
Drive 
Process 
Steam 
Direct 
Heat 
Lighting Cooling Cogeneration 
Natural Gas 0.0 100 0.0 0.0 0.0 0.0 
Firewood 0.0 100 0.0 0.0 0.0 0.0 
Sugar Cane Bagasse 0.0 99.9 0.1 0.0 0.0 0.0 
Other prim. 0.0 100 0.0 0.0 0.0 0.0 
Diesel Oil 0.0 100 0.0 0.0 0.0 0.0 
Fuel Oil 0.7 94.4 4.9 0.0 0.0 0.0 
Electricity 94.8 3.0 0.0 1.6 0.6 0.0 
Black Liquor 0.0 0.0 0.0 0.0 0.0 100 
Source: Berni (2010b) 
 
Table 44 – Paper & Pulp exergy consumption by fuel and process in PJ 
Energetic 
Mechanical 
Drive 
Process 
Steam 
Direct 
Heat 
Lighting Cooling Cogeneration 
Natural Gas 0.0 13.9 0.0 0.0 0.0 0.0 
Firewood 0.0 13.8 0.0 0.0 0.0 0.0 
Sugar Cane Bagasse 0.0 2.1 0.0 0.0 0.0 0.0 
Other prim. 0.0 3.4 0.0 0.0 0.0 0.0 
Diesel Oil 0.0 1.2 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 4.4 0.2 0.0 0.0 0.0 
Electricity 22.4 0.7 0.0 0.4 0.1 0.0 
Black Liquor 0.0 0.0 0.0 0.0 0.0 39.3 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 43. 
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 Table 45 is produced by multiplying exergy consumption data from Table 44 by 
conversion efficiencies summarized in Table 20. 
 
Table 45 – Paper & Pulp useful exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Steam 
Direct 
Heat 
Lighting Cooling Cogeneration 
Natural Gas 0.0 4.6 0.0 0.0 0.0 0.0 
Firewood 0.0 4.5 0.0 0.0 0.0 0.0 
Sugar Cane Bagasse 0.0 0.7 0.0 0.0 0.0 0.0 
Other primary 0.0 1.1 0.0 0.0 0.0 0.0 
Diesel Oil 0.0 0.4 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 1.5 0.1 0.0 0.0 0.0 
Electricity 17.9 0.2 0.0 0.1 0.1 0.0 
Black Liquor 0.0 0.0 0.0 0.0 0.0 13.8 
Source: Own preparation, calculated from Tables 20 and 44. 
  
Thus, the exergy efficiency for the Paper & Pulp industrial activity is the sum of useful exergy 
consumption on Table 45 by total exergy consumption on Table 44: 
 
𝜓𝑃&𝑃 =
45.0 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
102.1 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 44.1% 
 
All other industrial subsector exergy efficiencies are calculated by the same method and 
explanations are thus omitted for brevity. 
 
Other Industrial Activities subsector, obtained from Leite (2010b). 
 
Table 46 – Other Industrial Activities relative exergy consumption by fuel and process in percentage 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Cooling Lighting Other 
Natural Gas 0.0 49.6 50,4 0.0 0.0 0.0 
Firewood 0.0 50.1 49.9 0.0 0.0 0.0 
Other Primary 0.0 50.0 50.0 0.0 0.0 0.0 
Diesel Oil 52.0 30.3 17.7 0.0 0.0 0.0 
LPG 14.6 21.9 63.4 0.0 0.0 0.0 
Electricity 60.3 1.5 19.4 9.2 7.5 2.1 
Other Sec. Oil 0.0 42.7 57.3 0.0 0.0 0.0 
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Source: Leite (2010b). 
 
Table 47 – Other Industrial Activities exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Cooling Lighting Other 
Natural Gas 0.0 19.9 20.2 0.0 0.0 0.0 
Firewood 0.0 0.2 0.2 0.0 0.0 0.0 
Other Primary 0.0 0.3 0.3 0.0 0.0 0.0 
Diesel Oil 4.9 2.8 1.7 0.0 0.0 0.0 
LPG 0.8 1.2 3.4 0.0 0.0 0.0 
Electricity 37.8 0.9 12.2 5.8 4.7 1.3 
Other Sec. Oil 0.0 3.4 4.6 0.0 0.0 0.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 46. 
 
Table 48 – Other Industrial Activities useful exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Cooling Lighting Other 
Natural Gas 0.0 6.6 5.9 0.0 0.0 0.0 
Firewood 0.0 0.1 0.1 0.0 0.0 0.0 
Other Primary 0.0 0.1 0.1 0.0 0.0 0.0 
Diesel Oil 3.9 0.9 0.5 0.0 0.0 0.0 
LPG 0,6 0.4 1.0 0.0 0.0 0.0 
Electricity 30.2 0.3 8.6 3.5 1.2 1.3 
Other Sec. Oil 0.0 1.1 1.3 0.0 0.0 0.0 
Source: Own preparation, calculated from Tables 20 and 47. 
 
𝜓𝑂𝑇𝐻 =
62.7 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
126.5 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 53.5% 
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Non-Ferrous and Other Metals subsector, obtained from Simões (2010). 
 
Table 49 – Non-Ferrous and Other Metals relative exergy consumption by fuel and process. 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Lighting 
Electrochemical 
Processes 
Other 
Fuel Oil 0.0 51.3 48.7 0.0 0.0 0.0 
Electricity 30.3 0.0 30.5 0.2 38.9 0.1 
Other Sec. Oil 0.0 0.0 100 0.0 0.0 0.0 
Source: Simões (2010). 
 
Table 50 – Non-Ferrous and Other Metals exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Lighting 
Electrochemical 
Processes 
Other 
Fuel Oil 0.0 0.7 0.7 0.0 0.0 0.0 
Electricity 8.9 0.0 8.9 0.1 11.4 0.0 
Other Sec. Oil 0.0 0.0 30.2 0.0 0.0 0.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 49. 
 
Table 51 – Non-Ferrous and Other Metals useful exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Lighting 
Electrochemical 
Processes 
Other 
Fuel Oil 0.0 0.2 0.2 0.0 0.0 0.0 
Electricity 7.1 0.0 6.3 0.0 6.1 0.0 
Other Sec. Oil 0.0 0.0 8.8 0.0 0.0 0.0 
Source: Own preparation, calculated from Tables 20 and 50. 
 
𝜓𝑁𝐹𝑀 =
28.7 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
60.8 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 47.3% 
 
Ceramics subsector, obtained from Berni (2010a). 
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Table 52 – Ceramics relative exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting 
Natural Gas 0.0 0.0 100 0.0 
Firewood 0.0 0.0 100 0.0 
Other Primary 0.0 0.0 100 0.0 
Diesel Oil 88.3 0.9 10.8 0.0 
Fuel Oil 0.0 28.3 71.7 0.0 
LPG 0.3 24.5 75.2 0.0 
Electricity 90.0 0.0 6.4 3.6 
Source: Berni (2010a). 
 
Table 53 – Ceramics exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting 
Natural Gas 0.0 0.0 24.0 0.0 
Firewood 0.0 0.0 3.6 0.0 
Other Primary 0.0 0.0 0.2 0.0 
Diesel Oil 0.4 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.0 0.0 
LPG 0.0 0.7 2.0 0.0 
Electricity 8.2 0.0 0.6 0.3 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 52. 
 
Table 54 – Ceramics useful exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting 
Natural Gas 0.0 0.0 7.0 0.0 
Firewood 0.0 0.0 1.0 0.0 
Other Primary 0.0 0.0 0.0 0.0 
Diesel Oil 0.3 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.0 0.0 
LPG 0.0 0.2 0.6 0.0 
Electricity 6.6 0.0 0.4 0.1 
Source: Own preparation, calculated from Tables 20 and 53. 
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𝜓𝐶𝐸𝑅 =
16.3 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
40.0 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 40.6% 
 
Cement subsector, obtained from Bajay (2009). 
 
Table 55 – Cement relative exergy consumption by fuel and process in percentage 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Lighting Cooling Other 
Steam Coal 0.0 0.0 100 0.0 0.0 0.0 
Diesel Oil 100 0.0 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 16.2 83.8 0.0 0.0 0.0 
Electricity 98.4 0.0 0.0 1.3 0.2 0.1 
Charcoal 0.0 0.0 100 0.0 0.0 0.0 
Other Sec. Oil 0.0 0.0 100 0.0 0.0 0.0 
Source: Bajay (2009). 
 
Table 56 – Cement exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Lighting Cooling Other 
Steam Coal 0.0 0.0 0.2 0.0 0.0 0.0 
Diesel Oil 1.2 0.0 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.1 0.0 0.0 0.0 
Electricity 6.3 0.0 0.0 0.1 0.0 0.0 
Charcoal 0.0 0.0 0.1 0.0 0.0 0.0 
Other Sec. Oil 0.0 0.0 22.2 0.0 0.0 0.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 55. 
 
Table 57 – Cement useful exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Lighting Cooling Other 
Steam Coal 0.0 0.0 0.1 0.0 0.0 0.0 
Diesel Oil 1,0 0.0 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.0 0.0 0.0 0.0 
Electricity 5.1 0.0 0.0 0.0 0.0 0.0 
Charcoal 0.0 0.0 0.0 0.0 0.0 0.0 
Other Sec. Oil 0.0 0.0 6.4 0.0 0.0 0.0 
Source: Own preparation, calculated from Tables 20 and 56. 
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𝜓𝐶𝐸𝑀 =
12.6 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
30.2 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 41.8% 
 
Chemical Industry subsector, obtained from Bajay (2010). 
 
Table 58 – Chemical Industry relative exergy consumption by fuel and process in percentage 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Cooling Lighting 
Electrochemical 
Processes 
Other 
Natural Gas 3.3 95.7 1,0 0.0 0.0 0.0 0.0 
Firewood 0.0 84.6 15.4 0.0 0.0 0.0 0.0 
Sugar Cane Bagasse 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
Diesel Oil 100 0.0 0.0 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 83.0 17.0 0.0 0.0 0.0 0.0 
LPG 4.9 14.9 80.2 0.0 0.0 0.0 0.0 
Refinery Gas 0.0 0.0 100 0.0 0.0 0.0 0.0 
Electricity 73.7 1.9 1.9 2.5 2.6 17.4 0.2 
Other Sec. Oil 0.0 93.5 6.5 0.0 0.0 0.0 0.0 
Source: Bajay (2010). 
 
Table 59 – Chemical Industry exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Cooling Lighting 
Electrochemical 
Processes 
Other 
Natural Gas 0.8 22.3 0.2 0.0 0.0 0.0 0.0 
Firewood 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
Sugar Cane Bagasse 0.0 0.7 0.0 0.0 0.0 0.0 0.0 
Diesel Oil 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 1.3 0.3 0.0 0.0 0.0 0.0 
LPG 0.1 0.3 1.5 0.0 0.0 0.0 0.0 
Refinery Gas 0.0 0.0 0.3 0.0 0.0 0.0 0.0 
Electricity 23.0 0.6 0.6 0.8 0.8 5.4 0.1 
Other Sec. Oil 0.0 10.3 0.7 0.0 0.0 0.0 0.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 58. 
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Table 60 – Chemical Industry useful exergy consumption by fuel and process 
Energetic 
Mechanical 
Drive 
Process 
Heat 
Direct 
Heat 
Cooling Lighting 
Electrochemical 
Processes 
Other 
Natural Gas 0.6 7.4 0.1 0.0 0.0 0.0 0.0 
Firewood 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Sugar Cane Bagasse 0.0 0.2 0.0 0.0 0.0 0.0 0.0 
Diesel Oil 0.6 0.0 0.0 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 0.4 0.1 0.0 0.0 0.0 0.0 
LPG 0.1 0.1 0.4 0.0 0.0 0.0 0.0 
Refinery Gas 0.0 0.0 0.1 0.0 0.0 0.0 0.0 
Electricity 18.4 0.2 0.4 0.5 0.2 3.1 0.1 
Other Sec. Oil 0.0 3.4 0.2 0.0 0.0 0.0 0.0 
Source: Own preparation, calculated from Tables 20 and 59. 
 
𝜓𝐶𝐻𝐸 =
36.7 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
71.1 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 51.6% 
 
Ferro Alloys subsector, obtained from Leite (2010a). 
 
Table 61 – Ferro Alloys relative exergy consumption by fuel and process in percentage 
Energetic Mechanical Drive Cooling Direct Heat Lighting 
Electricity 2.9 0.2 96.5 0.4 
Charcoal 0.0 0.0 100 0.0 
Source: Leite (2010a). 
 
Table 62 – Ferro Alloys exergy consumption by fuel and process 
Energetic Mechanical Drive Cooling Direct Heat Lighting 
Electricity 0.1 0.0 3.4 0.0 
Charcoal 0.0 0.0 0.2 0.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 61. 
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Table 63 – Ferro Alloys useful exergy consumption by fuel and process 
Energetic Mechanical Drive Cooling Direct Heat Lighting 
Electricity 0.1 0.0 2.4 0.0 
Charcoal 0.0 0.0 0.1 0.0 
Source: Own preparation, calculated from Tables 20 and 62. 
 
𝜓𝐹𝑒𝐴 =
2.5 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
3.7 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 69.0% 
 
Textile subsector, obtained from MME (1995). 
 
Table 64 – Textile relative exergy consumption by fuel and process in percentage 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Natural Gas 0.0 0.0 100 0.0 0.0 
Firewood 0.0 82.0 18.0 0.0 0.0 
Fuel Oil 0.0 93.7 6.3 0.0 0.0 
LPG 3.1 83.7 13.2 0.0 0.0 
Electricity 87.8 4.1 1.7 5.1 1.2 
Source: MME (1995). 
 
Table 65 – Textile exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Natural Gas 0.0 0.0 3.7 0.0 0.0 
Firewood 0.0 0.6 0.1 0.0 0.0 
Fuel Oil 0.0 0.4 0.0 0.0 0.0 
LPG 0.0 0.7 0.1 0.0 0.0 
Electricity 10.4 0.5 0.2 0.6 0.1 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 64. 
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Table 66 – Textile useful exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Natural Gas 0.0 0.0 1.1 0.0 0.0 
Firewood 0.0 0.2 0.0 0.0 0.0 
Fuel Oil 0.0 0.1 0.0 0.0 0.0 
LPG 0.0 0.2 0.0 0.0 0.0 
Electricity 8.4 0.2 0.1 0.1 0.1 
Source: Own preparation, calculated from Tables 20 and 65. 
 
𝜓𝑇𝐸𝑋 =
10.7 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
17.6 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 60.7% 
 
Pig-Iron & Steel subsector, obtained from MME (1995) 
 
Table 67 – Pig-Iron & Steel relative exergy consumption by fuel and process in percentage 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Natural Gas 0.0 0.0 100 0.0 0.0 
Diesel Oil 55.9 0.3 43.9 0.0 0.0 
Fuel Oil 0.0 14.9 85.1 0.0 0.0 
LPG 26.1 0.0 73.9 0.0 0.0 
Gas Coke 0.0 0.0 100 0.0 0.0 
Coal Coke  0.0 0.0 100 0.0 0.0 
Charcoal 0.0 0.0 100 0.0 0.0 
Electricity 29.7 1.5 65.5 2.3 1.0 
Source: MME (1995) 
 
Table 68 – Pig-Iron & Steel exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Natural Gas 0.0 0.0 16.9 0.0 0.0 
Diesel Oil 0.2 0.0 0.2 0.0 0.0 
Fuel Oil 0.0 0.1 0.4 0.0 0.0 
LPG 0.6 0.0 1.6 0.0 0.0 
Gas Coke 0.0 0.0 8.9 0.0 0.0 
Coal Coke  0.0 0.0 34.4 0.0 0.0 
Charcoal 0.0 0.0 3.0 0.0 0.0 
Electricity 5.1 0.3 11.2 0.4 0.2 
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Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 67. 
 
Table 69 – Pig-Iron & Steel useful exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Natural Gas 0.0 0.0 4.9 0.0 0.0 
Diesel Oil 0.2 0.0 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.1 0.0 0.0 
LPG 0.4 0.0 0.5 0.0 0.0 
Gas Coke 0.0 0.0 2.6 0.0 0.0 
Coal Coke  0.0 0.0 10.0 0.0 0.0 
Charcoal 0.0 0.0 0.9 0.0 0.0 
Electricity 4.1 0.1 8.0 0.1 0.2 
Source: Own preparation, calculated from Tables 20 and 68. 
 
𝜓𝑃𝐼𝑆 =
33.2 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
83.2 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 38.6% 
 
Mining & Pelletization subsector, obtained from Dorileo (2010). 
Table 70 – Mining & Pelletization relative exergy consumption by fuel and process in percentage 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Diesel Oil 87.3 12.5 0.2 0.0 0.0 
Fuel Oil 0.0 6.3 93.7 0.0 0.0 
Electricity 92.4 1.5 4.0 2.0 0.1 
Source: Dorileo (2010). 
 
Table 71 – Mining & Pelletization exergy consumption 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Diesel Oil 3.7 0.5 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.3 0.0 0.0 
Electricity 1.7 0.0 0.1 0.0 0.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 70. 
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Table 72 – Mining & Pelletization useful exergy consumption 
Energetic Mechanical Drive Process Heat Direct Heat Lighting Other 
Diesel Oil 2.9 0.2 0.0 0.0 0.0 
Fuel Oil 0.0 0.0 0.1 0.0 0.0 
Electricity 1.4 0.0 0.1 0.0 0.0 
Source: Own preparation, calculated from Tables 20 and 71. 
 
𝜓𝑀&𝑃 =
4.6 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
6.4 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 72.5% 
 
Food & Beverages subsector, obtained from Rocha (2010). 
 
Table 73 – Food and Beverages exergy consumption by activity 
Energetic 
Total Exergy 
Consumption 
Sugar & 
Alcohol 
Food & 
Beveragesa 
Natural Gas 14.3 0.0 14.3 
Firewood 5.1 0.0 5.1 
Sugar Cane Bagasse b 497.5 497.5 0.0 
Other Primary 
Sources 0.4 0.0 0.4 
Diesel Oil 23.6 0.0 23.6 
Fuel Oil 2.4 0.0 2.4 
LPG 2.4 0.0 2.4 
Electricity c 28.1 5.3 22.7 
Total 573.8 502.8 71.0 
Source: Rocha (2010) and ESSSP (2015) for exergy consumption 
Notes: 
a) Excluding Sugar & Alcohol 
b) All sugar cane bagasse considered consumed by the Sugar & Alcohol activity 
c) Electricity consumption proportion obtained from Rocha (2010), 19% by the Sugar & Alcohol, the remaining 
by the Food and Beverage 
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Table 74 – Food & Beverage relative exergy consumption by fuel and process in percentage 
Energetic Mechanical Drive Process Heat Direct Heat Cooling Lighting 
Natural Gas 0.0 66.9 33.1 0.0 0.0 
Firewood 0.0 54.5 45.5 0.0 0.0 
Diesel Oil 95.1 2.0 2.8 0.0 0.0 
Fuel Oil 0.0 65.0 31.5 3.5 0.0 
LPG 33.7 0.0 66.3 0.0 0.0 
Electricity 33.7 14.4 13.8 33.8 4.3 
Source: Rocha (2010). 
 
Table 75 – Food & Beverage exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Cooling Lighting 
Natural Gas 0.0 9.6 4.7 0.0 0.0 
Firewood 0.0 2.8 2.3 0.0 0.0 
Diesel Oil 22.5 0.5 0.7 0.0 0.0 
Fuel Oil 0.0 1.6 0.8 0.1 0.0 
LPG 0.8 0.0 1.6 0.0 0.0 
Electricity 7.7 3.3 3.1 7.7 1.0 
Source: Own preparation based on fuel consumption values ESSSP (2015) and relative exergy consumption from 
Table 74. 
 
Table 76 – Food & Beverage useful exergy consumption by fuel and process 
Energetic Mechanical Drive Process Heat Direct Heat Cooling Lighting 
Natural Gas 0.0 3.2 1.4 0.0 0.0 
Firewood 0.0 0.9 0.7 0.0 0.0 
Diesel Oil 18.0 0.2 0.2 0.0 0.0 
Fuel Oil 0.0 0.5 0.2 0.1 0.0 
LPG 0.7 0.0 0.5 0.0 0.0 
Electricity 6.1 1.1 2.2 4.6 0.2 
Source: Own preparation, calculated from Tables 20 and 75. 
 
𝜓𝐹&𝐵 =
40.7 𝑃𝐽 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
70.6 𝑃𝐽 (𝑡𝑜𝑡𝑎𝑙 𝑒𝑥𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
= 57.7% 
 
